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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in 
fulfilment of the requirement for the degree of Doctor of Philosophy 

 

INCORPORATION OF METAL OXIDES IN ELECTROPOLYMERIZATION OF 
POLY(3,4-ETHYLENEDIOXYTHIOPHENE)/GRAPHENE OXIDE FOR 

SUPERCAPACITOR  

 

By 

NUR HAWA NABILAH BINTI AZMAN 

April 2018 

Chairman: Associate Professor Yusran Sulaiman, PhD 
Faculty: Science 
  

Supercapacitor is a type of energy storage device which is useful for storing a 
large amount of energy that can be charged and discharged in short amount of 
time with long life span. Electrode material which is the most important part of 
supercapacitor plays an important role in storing a high amount of energy. In 
this study, composites consisting of poly(3,4-ethylenedioxythiophene) 
(PEDOT), graphene oxide (GO) and metal oxides were prepared and its 
supercapacitive performances as electrode materials for supercapacitor were 
studied. Initially, different applied potentials, concentration of GO and 
electropolymerization times were studied for the preparation of PEDOT/GO. It 
was revealed that PEDOT/GO with 1 mg/ml GO electropolymerized for 10 
minutes at 1.2 V exhibited the highest specific capacitance. In order to further 
improve the supercapacitive performance of the composite, metal oxides 
(MnO2, Fe2O3 and MnO2/Fe2O3) which are recognized for their high specific 
capacitance were introduced into the optimized PEDOT/GO composite. 
Various concentrations and the molar ratio of metal oxides precursor were 
studied to prepare PEDOT/GO/MnO2, PEDOT/GO/Fe2O3 and 
PEDOT/GO/MnO2/Fe2O3.  
 

Raman spectroscopy and Fourier transform infrared (FTIR) spectra revealed 
the composites were successfully incorporated with metal oxides upon the 
addition of MnO2, Fe2O3 and MnO2/Fe2O3 into PEDOT/GO. The presence of 
metal oxides in the PEDOT/GO was further confirmed via X-ray diffraction 
(XRD) and X-ray photoelectron spectroscopy (XPS) measurements and the 
results displayed all the distinctive peaks of MnO2, Fe2O3 and MnO2/Fe2O3. In 
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addition, from the XRD and XPS, the phases of the metal oxides were also 
confirmed as MnO2 and Fe2O3 (hematite) with oxidation states of Mn4+ and 
Fe3+, respectively. The supercapacitive properties of the composites were 
studied by sandwiching two electrodes together and separated by a filter paper 
soaked in 1 M KCl. PEDOT/GO/MnO2/Fe2O3 composite exhibited the highest 
specific capacitance (287 F/g) compared to PEDOT/GO/MnO2 (239 F/g), 
PEDOT/GO/Fe2O3 (221 F/g) and PEDOT/GO (73 F/g) at 25 mV/s. The MnO2 
and Fe2O3 particles were successfully anchored on the wrinkled paper-like 
sheets of PEDOT/GO as can be seen from FESEM images which acted as 
spacers in order to improve the supercapacitive performances by maximizing 
the utilization of electrode materials by the electrolyte ions. The 
PEDOT/GO/MnO2/Fe2O3 is a suitable candidate for a high-performance 
supercapacitor due to the synergistic effect provided by the PEDOT, GO, MnO2 
and Fe2O3 that help to enhance the performance of the composite for 
supercapacitor application as revealed from GCD with specific energy and 
power of 11 Wh/kg and 1900 W/kg at 4 A/g, respectively. The 
PEDOT/GO/MnO2/Fe2O3 composite also revealed the lowest charge transfer 
resistance that leads to the superior supercapacitive performances. Thus, 
PEDOT/GO/MnO2/Fe2O3 composite displayed the highest supercapactive 
performances compared to PEDOT/GO/MnO2 and PEDOT/GO/Fe2O3. 
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia 
sebagai memenuhi keperluan untuk ijazah Doktor Falsafah 

 

PENGGABUNGAN LOGAM OKSIDA KE DALAM POLIMER (3,4-
ETILDIOKSITIOFENA)/GRAFEN OKSIDA UNTUK SUPERKAPASITOR 

 

Oleh 

NUR HAWA NABILAH BINTI AZMAN 

April 2018 

 

Pengerusi: Prof Madya Yusran Sulaiman, PhD 
Fakulti: Sains 

 
Superkapasitor adalah sejenis alat penyimpan tenaga yang amat berguna 
untuk menyimpan tenaga dalam jumlah besar dan boleh dicaj dan discaj dalam 
jangka masa yang pendek serta mempunyai jangka hayat yang panjang. 
Bahan elektrod merupakan bahagian superkapasitor yang paling penting 
dalam memainkan peranan sebagai penyimpan tenaga yang besar. Oleh itu, di 
dalam penyelidikan ini, komposit terdiri daripada polimer (3,4-etildioksitiofena)  
(PEDOT), grafen oksida (GO) dan logam oksida disediakan dan prestasi 
superkapasitif komposit tersebut sebagai bahan elektrod untuk superkapasitor 
dikaji. Permulannya, kesan keupayaan, kepekatan GO dan masa 
pempolimeran elektrokimia telah dikaji untuk menghasilkan PEDOT/GO. 
PEDOT/GO dengan kepekatan 1 mg/ml GO dielektropolimerkan selama 10 
minit pada voltan 1.2 V menghasilkan kapasitan spesifik yang paling tinggi. 
Demi meningkatkan prestasi superkapasitor komposit, logam oksida (MnO2, 
Fe2O3 and MnO2/Fe2O3) yang terkenal dengan prestasi kapasitan spesifik yang 
tinggi telah diperkenalkan di dalam komposit optimum PEDOT/GO. Pelabagai 
kepekatan dan nisbah kepekatan telah dikaji untuk menghasilkan 
PEDOT/GO/MnO2, PEDOT/GO/Fe2O3 dan PEDOT/GO/MnO2/Fe2O3. 
 

Spektroskopi Raman dan spektroskopi Fourier inframerah (FTIR) telah 
menunjukkan bahawa semua komposit tersebut telah berjaya digabungkan 
dengan logam oksida selepas penambahan MnO2, Fe2O3 dan MnO2/Fe2O3 ke 
dalam PEDOT/GO. Kehadiran logam oksida juga disahkan menggunakan 
belauan sinar-x (XRD) serta spektroskopi fotoelektron sinar-x (XPS) dan hasil 



© C
OPYRIG

HT U
PM

 

iv 
 

kajian menunjukkan semua puncak tersendiri logam oksida MnO2, Fe2O3 dan 
MnO2/Fe2O3 hadir di dalam komposit tersebut. Sebagai tambahan, hasil kajian 
XRD dan XPS juga menunjukkan bahawa fasa logam oksida MnO2 dan Fe2O3 
(hematit) masing-masing sebagai Mn4+ and Fe3+. Ciri-ciri superkapasitif 
komposit tersebut dikaji dengan menggabungkan dua elektrod yang sama dan 
dipisahkan oleh kertas turas direndam dalam 1 M KCl. Komposit 
PEDOT/GO/MnO2/Fe2O3 menghasilkan nilai kapasitan spesifik paling tinggi 
(287 F/g) berbanding PEDOT/GO/MnO2 (239 F/g), PEDOT/GO/Fe2O3 (221 F/g) 
dan PEDOT/GO (73 F/g) pada kadar imbas 25 mV/s. Partikel MnO2 dan Fe2O3 
dilihat berjaya menyauh pada kepingan PEDOT/GO berkedut seperti yang 
dapat dilihat dalam imej FESEM serta bertindak sebagai penjarak untuk 
meningkatkan prestasi superkapasitif dengan memaksimumkan penggunaan 
bahan elektrod oleh ion elektrolit. PEDOT/GO/MnO2/Fe2O3 adalah calon sesuai 
untuk superkapasitor berprestasi tinggi kerana kesan sinegistik yang 
disediakan oleh PEDOT, GO, MnO2 dan Fe2O3 membantu dalam 
meningkatkan prestasi komposit seperti yang ditunjukkan oleh GCD dengan 
nilai tenaga dan kuasa spesifik masing-masing          11 Wh/kg dan 1900 W/kg 
pada 4 A/g. Komposit PEDOT/GO/MnO2/Fe2O3 juga ditunjukkan mempunyai 
nilai rintangan permindahan caj, Rct terendah yang membawa kepada ciri-ciri 
superkapasitif unggul. Maka, komposit PEDOT/GO/MnO2/Fe2O3 mempunyai 
ciri-ciri superkapasitif yang paling unggul berbanding komposit 
PEDOT/GO/MnO2 dan PEDOT/GO/Fe2O3. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background of research 
 

Energy can exist in various forms such as heat energy, electrical energy, 
nuclear energy and gravitational energy. There are two types of energy 
sources i.e. renewable and non- renewable. Non-renewable energy is 
produced from fossil fuels such as petroleum, natural gas and coal which 
cannot be replenished. Fossil fuels are formed hundreds of millions years ago 
from decayed planktons, algae and plants under the seabed. During their lives, 
these planktons, algae and plants accumulate energy through a process called 
photosynthesis in which light energy i.e. sunlight is converted into chemical 
energy. This chemical energy which is trapped in the planktons, algae and 
plants can be exploited when they are burnt. The sediments and rocks which 
piled up on top of them cause pressure and high heat underground and 
eventually turn them into fossil fuels.  

 

Fossil fuels are precious source of energy and have been used as the main 
source of energy worldwide in order to generate electricity. However, these 
fossil fuels cannot last long because eventually, it will deplete as it cannot be 
restored in short amount of time. In addition, the burning of the fossil fuels 
contributes to global warming due to the increasing of carbon dioxide (CO2) in 
the atmosphere. Global warming causes the rises of climate temperature and 
affect human health and environment. In the Earth’s poles, the ice glaciers 
begin to melt and contribute to the rise of sea level. Besides, global warming 
gives impact on many species that inhabit the poles such as penguins and 
polar bears. They are becoming endangered species due to the ice melting. As 
for human health, global warming triggers the spread of transmitted diseases 
such as malaria and diarrhea as a result of droughts and floods. Thus, in order 
to prevent global warming and depletion of fossil fuels, renewable energy is 
needed. 

 

Renewable energy is a type of energy that is produced from renewable sources 
such as wind, solar, biomass and geothermal heat (Bundhoo, 2018). Wind is 
used to operate wind turbines in order to generate electricity and it is widely 
applied in a few of countries such as the USA, Canada and China. Solar 
energy which captured energy from sunlight is mainly used to harvest electrical 
energy. Biomass can be converted into biofuel and methane gas to be 
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consumed for transportation whereas geothermal energy can be used to 
generate electricity from the geothermal heat stored in the earth crust. 
Renewable energy is always preferable due to its low CO2 emission compared 
to fossil fuels (Holma et al., 2018) and the energy source is everlasting. Thus, 
utilization of renewable energy sources can help to decrease the environmental 
pollution and reliance on fossil fuels petroleum and gas which are becoming 
hard to discovered and costly. As a result of attentiveness of renewable 
energy, efficient energy storage technology is demanded to sustain the supply 
of energy.  
 

 
Consumption of energy increases gradually due to the growth of the economy 
and the human population worldwide. According to United Nation, the human 
population worldwide is almost 7.6 billion in mid-2017 through the 2017 
Revision of World Population Prospects. It is estimated that every year 83 
million people are added to the world human population and the numbers will 
increase to 8.6 billion in 2030 and 11.2 billion in 2100. Therefore, it is important 
to sustain the renewable energy in order to meet the demand of energy 
consumption in our daily lives. Every day, energy is used for residential use 
such as watching television, lighting the lights and charging phones. Besides, 
energy is also used for transportation and commercial use in order to operate a 
business such as computers and workstations. Hence, in order to meet the 
energy demand in our daily lives, development of renewable and sustainable 
energy is crucial. 
 

There are numerous technologies of energy storage systems that have been 
developed over past few decades such as supercapacitor and battery. In 
comparison to the battery, supercapacitor has gained a lot of attraction due to 
its ability to store large energy in short amount of time and environmental 
friendly as less toxic substances are used during the preparation of 
supercapacitor. Therefore, the supercapacitor is extensively used in wide range 
of applications such as hybrid electric vehicles, airbus and power systems. 
Hybrid electric vehicles are developed to reduce the emission of CO2 in an 
effort to protect the environment and human health. Besides, the 
supercapacitor is also used in hybrid electric vehicles to boost acceleration and 
braking systems recovery (Zhong et al., 2015). In Airbus, the supercapacitor is 
employed to open the emergency doors in case of power failures. This 
technology is recently used on Airbus A380 jumbo jets (Simon and Gogotsi, 
2008). There is more research on supercapacitor electrode materials that can 
be explored for energy storage. Thus, it is essential to develop electrode 
materials which meet the energy demand in order to be employed in advanced 
technology. 
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1.2 Problem Statement 

 
Supercapacitors are desirable energy storage devices due to its high specific 
capacitance, long operational life and high specific power. In addition, the great 
demand for energy consumption in daily life causes the yearning for energy 
risen. In order to meet these demands, high-performance electrodes for 
supercapacitor are needed. Electrode materials are crucial for fabricating 
supercapacitor with high-supercapacitive performance i.e high specific 
capacitance, high specific energy and power and good cycling stability. 
Carbon-based materials, conducting polymers and metal oxide are types of 
electrode materials used for supercapacitor and they are usually incorporated 
together to produce binary composite or even ternary composite. This is 
because single material electrode alone cannot achieve the quality of high-
performance supercapacitor. Hence, incorporating the materials together can 
help to fill in each other merits and demerits. 
 

Theoretically, metal oxides are found to produce electrodes with high specific 
capacitance. Among metal oxides, manganese and iron oxide are preferred 
due to their low-cost and less toxicity. However, metal oxides are normally 
suffered from low conductivity and poor cycling stability. This phenomenon 
limits the use of metal oxides in supercapacitor applications for long-term 
energy usage. In order to compensate the low conductivity of metal oxide, 
conducting polymers which possess high conductivity will be introduced. 
PEDOT is a type of conducting polymer known for its high conductivity and 
high chemical stability. Nevertheless, PEDOT is well known for its limited 
cycling stability similar to metal oxides. Thus, carbon-based materials such as 
graphene oxide which is recognized for its high cycling stability are introduced 
to improve the life cycle of the composite. In addition, the high surface area of 
graphene oxide can also help to provide more capacity for energy storage.  
 

Thus, a facile preparation of PEDOT/GO with different metal oxides (MnO2, 
Fe2O3 and MnO2/Fe2O3) are introduced to improve the supercapacitive 
performance of the composites. Based on the advantages and disadvantages 
of each material mentioned above, the synergistic effect of the materials i.e. 
metal oxides (MnO2, Fe2O3 and MnO2/Fe2O3) graphene oxide and PEDOT can 
help to improve the specific capacitance, energy density and stability in charge 
discharging cycling of the composites in comparison to binary composite 
(PEDOT/GO) for supercapacitors applications.  
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1.3 Objectives 

 
The aim of this research is to prepare and study the electrochemical 
performances of the electrodeposited PEDOT/GO, PEDOT/GO/MnO2, 
PEDOT/GO/Fe2O3 and PEDOT/GO/MnO2/Fe2O3

 
for supercapacitor. The 

objectives of this research are: 
1. To prepare PEDOT/GO hybrid material using chronoamperometry 

technique and investigate the effects of concentration of GO, applied 
potential, electrodeposition time on PEDOT/GO composite for 
supercapacitor applications. 

2. To prepare and evaluate the effects of concentration of manganese 
and iron salt on supercapacitor performance of PEDOT/GO/MnO2 and 
PEDOT/GO/Fe2O3 for supercapacitor application. 

3.  To study the molar ratios of manganese and iron salt on the 
supercapacitive performance of PEDOT/GO/MnO2/Fe2O3. 

4. To compare the supercapacitive performance of PEDOT/GO, 
PEDOT/GO/MnO2

, 
PEDOT/GO/Fe2O3 and PEDOT/GO/MnO2/Fe2O3. 

 

1.4 Organization of chapters 

 

Chapter 1 discusses the background of research on renewable energy, 
problem statement and objectives of the research. Chapter 2 reviews the 
fundamental of supercapacitor and the recent researches that have been done 
on ternary composite based on derivatives of graphene with different types of 
conducting polymers and metal oxide. Chapter 3 elaborates on the chemicals 
used and general experimental procedures. Chapter 4 describes the effect of 
electropolymerization parameter i.e. potential applied and electropolymerization 
time on the supercapacitive performance of PEDOT/GO via three-electrode 
configuration. Chapter 5 discuss the effect of different concentrations of GO 
and different electrolytes (1 M KCl, H2SO4, Na2SO4 ad KOH) on the 
supercapacitive performance of PEDOT/GO via two-electrode configuration. 
Chapter 6 elaborates the performance of PEDOT/GO after addition of 
manganese oxide for supercapacitor. In addition, chapter 6 explains the impact 
of various concentrations of manganese salt on the PEDOT/GO/MnO2. Chapter 
7 discusses the effect of different amount of iron salt incorporated into 
PEDOT/GO. Chapter 8 describes the supercapacitive performance of 
PEDOT/GO/MnO2/Fe2O3 composite after addition of both manganese oxide 
and iron oxide and effect of the molar ratio of manganese and iron salt on 
PEDOT/GO/MnO2/Fe2O3 composite. Chapter 9 discusses the conclusion of the 
research, significant of findings and recommendation for future study. 
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