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ABSTRACT 

Agricultural residues are generally considered as renewable, economical and 

environmental-friendly sources to produce carbon-based nanomaterials with many advanced 

applications. Agricultural residues and by-products generated from the agricultural industry, such 

as distiller's dried grains with solubles (DDGS), are produced every year on a large scale but lack 

of proper utilization. As a result, seeking high-value applications based on agricultural residues is 

essential for the promotion of the economy in agricultural producing states like North Dakota, 

USA. 

With the fast development of nanotechnology in recent years, carbon-based nanomaterials 

have attracted intense research interests in the fields of chemistry, materials science and condensed 

matter physics due to many unique properties (e.g., chemical and thermal stability, electrical 

conductivity, mechanical strength, etc.). The development of low-cost nanomaterials using 

agricultural residues as feedstocks can be a promising route for the sustainable development of the 

agricultural industry. 

In this dissertation, the preparation of carbon-based materials from agricultural residues is 

explored. Many advanced applications are investigated, especially in the field of energy storage 

devices. The development of porous activate carbons were investigated in detail, and their 

application as electrode materials of supercapacitors was demonstrated. Hydrothermal 

carbonization of biomass to produce carbonaceous materials was also covered in this dissertation. 

In addition to traditional raw materials such as cellulose produced from wood industry, novel 

material sources such as bacterial cellulose were used to prepare nanocomposites that can be used 

for the electrodes of supercapacitors. This dissertation contributes to the sustainable development 

of the agricultural industry in North Dakota. 
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1. INTRODUCTION: THE HISTORY AND DEVELOPMENT OF RENEWABLE 

ENERGY AND ENERGY STORAGE DEVICES 

1.1. Background 

It is a truth universally acknowledged that energy is related to every respect of human 

activities. Energy powers the very operation of modern society. The power outage happened on 

August 14, 2003 in the Northeastern and Midwestern United States and the Canadian province of 

Ontario, which lasted for 31 hours, affected 31 million people and costed 4~6 billion US dollars 

in total, demonstrated how crucial the energy supply was to the modern society.1 To secure the 

continuing demand for extensive and stable energy supply, reliable and economical energy sources 

are indispensable. With the fast progresses in science and technology, the modern society also calls 

for other requirements for its energy sources, e.g. environmental friendliness and sustainability. It 

can be observed in history that the innovation and development of most revolutionary technologies 

were associated with the discovery and application of reliable energy sources in nature. The First 

Industrial Revolution occurred in the 18th century was based on the application of coal as the 

energy source for steam engines,2 while the Second Industrial Revolution was energized by the 

development of petroleum and electricity as the major energy source.3 Since the two Industrial 

Revolutions, humankind has successfully exploited the fossil fuels, such as coal, petroleum and 

natural gas, to provide high-quality energy for large-scale industrial production which leads to 

prosperity.4 These energy sources based on fossil fuels could provide energy orders of magnitude 

larger than human muscles, animal power, watermills and windmills that were typically used 

before the Industrial Revolution. 

Energy sources can be divided into two categories, i.e. primary sources and secondary 

sources. Primary sources of energy are the sources that can be found in nature. They can exist in 
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form of non-renewable and renewable. Primary sources of energy can be used directly. Coal, for 

example, is a non-renewable primary energy source that has been used for thousands of years for 

heating and cooking.5 On the contrary, wind energy is a renewable primary energy source that also 

has a long history, but its application was reheated decades ago due to arising environmental 

concerns.6 Primary energy source can also be used to generate secondary energy source (also 

known as energy carriers), i.e. the energy source that are transformed from primary energy sources. 

Electricity is an example of secondary energy source. It can be easily transported over the power 

grid and can be used to provide energy for electric cars, electronic devices, residences, as well as 

manufacturing plants. 

At the beginning stage of the industrialization, the fossil fuels seemed to be ideal energy 

sources. They are large in quantity, cost-effective and high in energy density, which make them 

meet all the standards for reliable energy sources. The continuous development of combustion 

technologies increases the efficiency of internal combustion engines and reduces the cost of using 

fossil fuels as main energy source. As of today, the global market of crude oil has been established 

for centuries and has shaped the lifestyle of all peoples across the world. It is estimated that fossil 

fuels will remain the major energy source in the foreseeable future, and will still provide around 

84% of the total energy supply by 2030.7 Besides, technological improvements make other sources 

of fossil fuels such as oil shale and methane hydrates commercially viable, which makes fossil 

fuels to be even more competitive.8 Overall, the path dependence effect makes it hard to shrink the 

large share in energy source market that crude oil and other fossil fuels have already occupied 

(Figure 1.1). 
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Figure 1.1. World total primary energy supply in 2004.9 

However, despite the large share the fossil fuels currently hold, the traditional sources 

based on fossil fuels face condemnation for causing global warming, ocean acidification, and 

environment pollution.10 The global average temperature, due to the increase of greenhouse gases, 

could be increased by 4 ℃ or more by the year 2100.11 The wide use of fossil fuels is the main 

contributor to the emission of carbon dioxide, which is one of the gases that contributes to the 

greenhouse effect.12 According to the data published by the international energy agency (IEA), 

nearly 62% of the carbon dioxide emission was contributed by the combustion of fossil fuels in 

2010.13 Although some other studies show different numbers, all studies agree that fossil fuel is 

the most significant source of carbon dioxide emission, and it is believed to be the main reason for 

global warming and climate change.14, 15 

The finite supply of fossil fuels also restricts their application in the future. According to 

the calculations from the from the Klass model, the depletion for crude oil, coal and natural gas 

will happen in around 35, 107 and 37 years, respectively.7 As the most important raw material for 

industry, crude oil will be depleted earlier than the other types of fossil fuels, which makes the 
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searching for substitute energy sources even more urgent. To achieve sustainable development and 

to protect the environment, new energy sources are demanded to replace fossil fuels. A global 

transition to renewable energies is currently underway, and the policies enforced by the 

governments will be likely to change the trajectory of the development of the energy market.16 

Considering many factors such as technology developments, population growth and 

political policies aiming at reducing the emission of greenhouse gases, it is estimated that the 

demand for energy will continue to increase until around 2025.17 The continuing growth of 

population and economy demands larger energy supply; however, both the limited reserve of fossil 

fuels and environmental concerns restrict their application in the future. The renewable energy 

sources are alternative sources of energy that are promising to replace the current role of fossil 

fuels. Based on the fast development of many new technologies that can utilize many sustainable 

energy sources such as wind, biomass, solar, etc., the percentage of renewable energies has grown 

significantly in the past decades. It should be noted that although the share of renewable energy is 

rapidly growing, they have some drawbacks that restrict their applications on the energy supply 

market. Because of the intrinsic disadvantages of the renewable energies such as relatively high 

cost, intermittency, low conversion efficiency and low energy output, fossil fuels will still be the 

majority sources of energy until revolutionary technology development in this area happens.18 To 

overcome the above issues and to facilitate the penetration of renewable energy sources, the 

adoption of energy storage systems and energy storage devices is essential and must be 

emphasized.19, 20 In this chapter, the development of renewable energy sources will be reviewed, 

and the roles of energy storage devices such as supercapacitors for the application of renewable 

energy sources will be discussed. 
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1.2. Renewable energy sources and their application 

As more and more devastating effects of global warming and the correlation between 

global warming and the use of fossil fuels unveiled, the transition towards sustainable and 

renewable energy sources is inevitable. The feasibility of using renewable energy sources to meet 

most of energy demand has been theoretically demonstrated decades ago, and many researchers 

are working on the scenario of 100% renewable energy supply by the year 2050.21 Renewable 

energy sources such as solar, wind, geothermal energy and biomass, draw much attention in recent 

years and their percentage in overall energy supply are gradually increasing. Renewable energy 

sources barely generate neither air pollution nor emissions of carbon dioxide, so they are 

considered as clean sources of energy with low environmental impacts.22 The renewable energy 

sources currently account for ~20% of the total world energy demand, and the percentage is 

expected to be increased to 47.7% by 2040 (Table 1.1).22  
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Table 1.1. Global renewable energy scenario by 204023 

 
2001 2010 2020 2030 2040 

Total 

consumption 

(million tons oil 

equivalent) 

10038 10549 11425 12352 13310 

Biomass 1080 1313 1791 2483 3271 

Large hydro 22.7 266 309 341 358 

Geothermal 43.2 86 186 333 493 

Small hydro 9.5 19 49 106 189 

Wind 4.7 44 266 542 688 

Solar thermal 4.1 15 66 244 480 

Photovoltaic 0.1 2 24 221 784 

Solar thermal 

electricity 

0.1 0.4 3 16 68 

Marine 

(tidal/wave/ocean) 

0.05 0.1 0.4 3 20 

Total renewable 

energy source 

1365.5 1745.5 2964.4 4289 6351 

Renewable 

energy source 

contribution (%) 

13.6 16.6 23.6 34.7 47.7 

 

However, the renewable energy sources show different dynamic characteristics than the 

fossil fuel-based energy sources, and several obstacles of the renewables need to be addressed so 

that the renewable energy can be served as the major power source. For example, the power plants 

using the renewable energy sources usually provide less power than the power plants using the 

traditional energy sources. A typical biomass plant usually offers a 50 MW capacity, which is only 

one tenth of a middle-sized fossil-fuel power plant.24 The largest wind turbine can only provide 

2~5 MW of electricity, while a mid-size coal plant can produce hundreds of MW of electricity.25 

The low capacity indicates that to collect enough power, several power generators using renewable 

energy sources need to be connected to form a large energy farm. The large amount of connected 
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power generators, however, introduces technical complexities such as power management, load 

balancing and phase synchronization, which are necessary to make the voltage phase, frequency, 

and amplitude of the electricity stable and usable. Besides, the renewable energy sources are 

usually intermittent. Photovoltaic cells can only produce energy when sunlight shines, and wind 

turbines can work only with strong wind present. The randomness and volatility of intermittent 

power supplies require complex grid optimization as well as backup power systems to function 

properly. 

Energy storage device is the key to support the desired scenario of providing energy solely 

by the renewable energy sources.26 To ensure the reliability, stability and quality of the output 

level, backup power supply is necessary. Energy storage systems can be used to supply power 

when the output level of the renewable energies is low, thus mitigate the intermittency of 

renewable energies.27 Although the power plants using the renewable energy sources are relatively 

small in size and cannot provide sufficient energy for a vast geographical area, they are suitable 

for small size power grids that are isolated from the large power grid. By reducing the size of the 

power grid, the difficulties of control and management of a centralized large power grid can be 

partially resolved as well. Besides, energy storage systems also make off-grid energy supply for 

areas with limited infrastructure possible. Furthermore, the fast development of portable 

electronics and electric cars calls for the miniaturization of energy storage devices that are 

nonetheless capable of providing high energy density and power density. For those aforementioned 

reasons, energy storage systems based on energy storage devices with high energy and power 

density will facilitate the future integration of renewable energy sources into the existing power 

system. The concept of smart grid systems that consist of power generators using renewable energy 

sources, energy storage system with energy storage devices, and power management module with 
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automatic control, are being developed and will be the core concept for next generation power 

system.28, 29 

1.3. Energy storage devices 

The importance of the energy storage devices has been justified in many respects of modern 

society. For example, the transportation industry contributes significantly to the increase of oil 

consumption and the carbon dioxide emissions, but according to a recent report published by the 

IEA, a dramatic change of energy source must be implemented in the transportation industry.30 As 

a result, many automotive manufacturers are shifting their emphasis onto hybrid electric vehicles 

and pure electric vehicles with novel energy storage systems built in.31 The bottleneck for the 

development of electric vehicles, however, is the energy storage device which powers the vehicles 

instead of gasoline. Similarly, the fast development of portable electronic devices such as laptops 

and smartphones with high-performance and large size displays also calls for high capacity energy 

storage devices. Unfortunately, the improvements of the energy storage devices have not been kept 

pace with the improvements of the other components of these electronics.32 Last but not least, 

energy storage technologies are crucial for integration and deployment of renewable energy 

systems. Continuing innovation of reliable and low-cost energy storage devices are needed to 

facilitate the application of renewable and sustainable energies sources. 

Many quantitative metrics are used to compare the performance of different kinds of energy 

storage devices. In scientific language, energy is defined as the ability to perform work, which is 

measured in joules (J) or calories (cal). Power is defined as the rate at which energy is produced, 

transported or consumed. It is measured in watt (W), which represents the amount of energy used, 

transported or produced in unit time (1 W =1 J/s). To describe the energy density of a device, the 

term “specific energy”, usually expressed in the unit watt-hours per kilogram, is used to 
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characterize the amount of energy stored per unit mass. However, the weight of the active materials 

in an energy storage device in form of thin films or aerogels is in many cases negligible and hard 

to measure accurately. Thus, in addition to the gravimetric energy density that generally used, areal 

or volumetric energy density are also used to characterize the amount of energy stored per unit 

area or volume. This standard is suitable to characterize energy storage devices made from thin 

films and aerogels. Similarly, power density is used to quantitatively described the speed of charge 

and discharge of an energy storage device. It can be expressed on gravimetric (per unit weight) 

basis, areal basis (per unit area) and volumetric basis (per unit volume). Specific power is the 

power density based on unit weight. It is usually expressed in watt per kilogram. Areal or 

volumetric power density are used as well for the devices in form of thin film and aerogels which 

are typically hard to accurately measure the weight of active materials. 

The performance of the energy storage devices can be concisely shown by the Ragone plot, 

which shows the energy density and the power density of different energy storage devices. From 

the Ragone plot shown in Figure 1.2, it can be seen that the performance of supercapacitors (SCs) 

is between traditional capacitors and batteries. SCs have higher specific power compared with 

batteries, and higher specific energy compared with traditional capacitors. They fill in the gap 

between capacitors and batteries, and are suitable for applications that require both high specific 

power and high specific energy. Fuel cells convert the chemical energy stored inside molecules to 

electricity. For example, the hydrogen-based fuel cells employ the chemical reaction between 

hydrogen and oxygen to produce water and electricity. Due to its high energy density and the 

characteristic of generating only water as the by-product, it is applied as the power source for space 

shuttle and space craft. The combustion engine and gas turbines are not energy storage devices. 

They are energy conversion systems that convert the chemical energy of fuels to kinetic or electric 
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energy. They have high specific power and specific energy, but their applications are restricted 

due to environmental concerns. The choice of energy storage system should be based on the 

characteristics of their performance, and current research focuses a lot on the improvement on both 

specific power and specific energy. 

 

Figure 1.2. Ragone plot of various energy storage devices and energy conversion systems.33 

1.3.1. Supercapacitors (SCs) 

Supercapacitors (SCs), also known as electrochemical capacitors or ultracapacitors, are one 

of the most promising energy storage devices with many unique advantages. The formal name of 

such devices should be electrochemical capacitors, which accurately describes the fundamental 

mechanism for charge storage.34, 35 In this dissertation, the commonly used word “supercapacitor” 

is adopted given that the term “supercapacitor” is the widespread trade name of the commercialized 

devices currently on the market, and it is widely accepted in academic fields as well. Compared 



 

11 

with the traditional capacitors, they can deliver many orders of magnitude higher specific and 

volumetric capacitances. Other advantages include fast charge/discharge rate, high power density, 

low internal resistance and extremely long cycle life (~millions of charge/discharge cycles).36 The 

typical power densities and energy densities of SCs are around 105 W/Kg and 10 Wh/Kg, 

respectively. As a result, the potential of SCs as energy storage devices has been recognized in 

many fields. 

The concept of SCs was first raised by H.I. Becker of General Electric in 1957.37 After 

further improvement made by Robert A. Rightmire, his fellow researcher at the Standard Oil 

Company of Ohio in the 1960s,38, 39 SCs were commercialized by NEC/Tokin and were available 

for advanced applications. Other major players in this field include Panasonic, Maxwell 

Technologies, Nippon Chemi-Con, etc. Despite many different sizes and structures, all the devices 

store electric energy on the interface between the electrolyte and the electrodes. The most 

commonly used materials for the electrodes are activated carbons with high surface area and well-

developed porous structure. This type of SCs are called electrochemical double-layer capacitors 

(EDLCs). In recent decades, a new type of SC, which utilizes redox materials capable of fast and 

reversible redox reaction to storage charges, has been successfully developed and further increased 

the performance of SCs. The redox reactions of the electroactive materials on the electrodes 

provide the devices with pseudo-capacitance, which usually offers much larger capacitance per 

gram than an EDLCs.40  
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Table 1.2. Major manufacturers of SCs and their performance.41 

 

 

Company name Device name Voltage range (V) Capacitance (F) 

AVX Bestcap 3.5–12 0.022–0.56 

Cap XX Super Capacitor 2.25–4.5 0.09–2.8 

Copper Power stor 2.5–5.0 0.47–50 

ELNA Dyna cap 2.5–6.8 0.033–100 

ESMA Capacitor modules 12–52 100–8000 

EPCOS Ultra-capacitor 2.3–2.5 5–5000 

Kold Ban Kapower 12 1000 

Maxwell Boostcap 2.5 1.6–2600 

NEC Super capacitor 3.5–12 0.01–6.5 

Nesscap EDLC 2.7 10–5000 

Panasonic Gold capacitor 2.3–5.5 0.1–2000 
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Figure 1.3. SCs fabricated by Batscap and Maxwell.42 

1.3.2. Batteries 

Batteries are the most commonly used energy storage devices for portable electronics and 

many other applications. The history of battery dates back to 1800 when Alessandro Volta invented 

voltaic cells that consisted of two different metals, usually copper and zinc, immersed in salt 

solution. Since then batteries have evolved significantly with the application of different materials, 

such as lead-acid batteries, Ni-Cd batteries and Lithium ion batteries, but the basic mechanism and 

the structure remain the same. Batteries utilize chemical reactions happen inside to store and 

deliver energy. They converse the chemical energy into electricity. Chemical reactions happen on 

the two electrodes of a battery, i.e. cathode and anode. The potential difference between these two 

electrodes are stable and drives electrons to move from one electrode to another. The cathode is 

the electrode where reduction occurs; it is the positive end when the battery is discharging. The 

anode is the electrode where oxidation occurs; it is the negative end when the battery is 

discharging. Depending on whether or not the battery can be recharged, batteries can be divided 

into primary batteries and secondary batteries. Because of the chemical reactions of primary 
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batteries cannot be reversed, primary batteries are designed for single time use only. The lifetime 

of a primary battery comes to an end once the active materials are completely consumed by 

chemical reactions. Secondary batteries are also referred as rechargeable batteries. They utilize the 

reversible chemical reactions to provide energy. The chemical reaction will undergo an opposite 

process when the battery is charging. However, the chemical reactions happen at a relatively slow 

rate, which causes the power density of a battery to be lower compared with that of SCs. 

Lithium ion batteries are famous for their high energy densities. They use graphite as the 

negative electrode material. The positive electrodes can be made from lithium iron phosphate, 

lithium cobalt oxide and other different derivatives.43 The electrolyte is usually lithium salts, such 

as LiPF6, LiBF4 or LiClO4 in organic solvents such as ethylene carbonate, dimethyl carbonate, and 

diethyl carbonate. Lithium ion batteries utilize insertion mechanism to store energy. The lithium 

ions leave the negative electrode and enter the electrolyte, and move towards the positive end when 

discharging. At the positive end, the lithium ions can be inserted into the electrode material when 

discharging, and this process can be reversed when charging the battery. Many modifications of 

lithium ion batteries are being developed, and they show the potential to provide the breakthroughs 

that are needed to fully utilize the renewable energy sources.43 

The fundamental difference between the batteries and the SCs is the mechanism used for 

energy storage. Batteries employ chemical reactants which can release the chemical energy to 

generate electricity, so the power provided by batteries is limited by the kinetics of the chemical 

reaction. SCs use the charges stored on the surface of the electrodes to form electrical current, so 

the power density is higher than batteries. Because of their different characteristics, the choice 

should be made based on the requirements of the application and they are often combined to form 

a power system in many cases. 
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1.3.3. Fuel cells 

Fuel cells convert the chemical energy directly into electricity efficiently without pollution. 

Unlike batteries which employ redox chemical reactions happened on the electrodes, fuel cells 

consume the fuel and transform the chemical energies of the fuel directly into electricity. The fuel 

cells serve as electrochemical energy conversion device which consume only fuels and can provide 

energy as long as fuels are sufficient.44 The anode and cathode of the fuel cells are just charge-

transfer media where the active chemicals undergo the redox reactions. The active chemicals are 

continuously delivered from outside the cells to compensate the consumption during the redox 

reactions.33 

Under the ideal condition, the only by-products of fuel cells are heat and water. Many 

electric vehicles on the market use hydrogen as the fuel to generate electricity and provide energy. 

Currently there are several different types of fuel cells under development, such as the alkaline 

fuel cell (AFC), the polymeric-electrolyte-membrane fuel cell (PEMFC) and the phosphoric-acid 

fuel cell (PAFC).45 However, the operation of these cells requires relatively pure hydrogen, which 

can be expensive and relatively dangerous to store and transport. Other choices of fuels include 

methanol, ethanol and other alcohols.46 Fuel cells provide higher energy density than that of 

batteries, and the power of fuel cells scale well from the several watts range to the megawatts range. 

Fuel cell technology represents a different direction for the development of energy storage 

devices. The high-efficiency, low environment impact, and excellent modularity make the future 

of fuel cells bright, so governments all over the world pay much attention to the development of 

fuel cells. However, many vital disadvantages such as high-cost and low durability still need to be 

solved.47 
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1.4. Fundamentals of supercapacitors 

1.4.1. Structure and components of supercapacitors 

Although the mechanisms of energy storage and energy conversion for batteries, fuel cells 

and supercapacitors are different, their structures are quite similar.33 The structure of 

supercapacitors consists of two electrodes soaked in the electrolyte (Figure 1.4). The electrodes 

are connected to the current collectors that are made from highly conductive materials, and the 

current collectors are directly connected to the external circuit. A thin, porous, non-conductive and 

ion-permeable membrane, usually made of polypropylene films or cellulose papers, is placed 

between the two electrodes to prevent short circuit caused by faulty contact of these two electrodes. 

The requirements for separators include high electrical resistance, high ionic conductivity, strong 

mechanical strength and flexibility. It has been reported recently that the natural and hierarchically 

ordered microporous eggshell film can work as the separators for supercapacitors.48 

Poly(vinylidene fluoride)-based macroporous separators have been investigated and the results 

show that poly(vinylidene fluoride) separators exhibit highly porous structure, good mechanical 

properties and enhanced ionic conductivity that outperform the commercial cellulose-based 

separators and the Celgard™ separators.49 In another research, poly(vinylidene fluoride) and 

polyethylene non-woven is developed, in which the polyethylene matrix contributes to the 

mechanical strength and thermal shut-down properties, while the poly(vinylidene fluoride) 

component provides a hydrophilic ionic conducting phase.50 The ionic conductivity of the as-

developed separator can reach 8.9 × 10−4 S/cm at 25 °C. In general, to reduce the mass and volume 

of the overall device, the separators are expected to be as thin and lightweight as possible, but still 

can provide sufficient tensile strength and offer good stability throughout the life cycle of the 

devices. 
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Figure 1.4. Structure of a supercapacitor. 

The most important component of a supercapacitor is the electrode, which determines the 

overall electrochemical performance of the device. The two electrodes in a supercapacitor can be 

made with the same electrode materials to form a symmetric structure, or can be made with 

different electrode materials to form an asymmetric structure (Figure 1.5). In practice, the 

supercapacitors using the same materials for both electrodes are called symmetrical 

supercapacitors, while the supercapacitors using different electrode materials for the two 

electrodes are referred as asymmetrical supercapacitors. For a symmetric supercapacitor, either 

electrodes can be used as the positive electrode or the negative electrode because they are made 

from the same material. The symmetric structure is typically used in the electric double-layer 

capacitors (EDLCs), in which the electrodes are usually made from carbon-based materials, e.g. 

activated carbons, graphene-based materials, carbon nanotubes and carbon aerogels.51 For an 

asymmetric supercapacitor, the electrode that works at a higher voltage range is the positive 
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electrode, and the electrode that works at a lower voltage range is the negative electrode. The 

positive electrodes are made from the electrode materials that operates in a positive voltage region, 

usually conductive polymers or transition metal oxides.52 The negative electrodes are made from 

the materials that operates in a negative voltage region, usually carbon-based materials and 

carbon/polymer composites. The asymmetric structure is typically used in the pseudocapacitors 

and the hybrid capacitors. Because the working voltage ranges of the positive electrodes and the 

negative electrodes are different in asymmetric supercapacitors, the overall voltage window can 

be larger than that of the symmetric supercapacitors, which can effectively increase the energy 

density of a supercapacitor.53 It should be noted that since redox reactions are not involved in the 

electrochemical double layer capacitors, the terms “anode” and “cathode” should be avoided 

because these terms are defined by the types of reactions occur on the electrodes, not by the value 

of the electrical potentials of the electrodes. Although redox reactions are involved in 

pseudocapacitors, people usually use the terms “positive electrode” and “negative electrode” to 

avoid confusion. 

 

Figure 1.5. (a) Symmetric and (b) asymmetric supercapacitors.54 

(a) (b) 
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The space between the two electrodes of a supercapacitor is not filled with dielectric layers 

as the conventional capacitor usually does. For supercapacitors, the space between the two 

electrodes is occupied by electrolytes so that supercapacitors can use the electric double layers 

formed at the interfaces between the electrolyte and the electrodes to store energy. The electrolytes 

contain free-moving ions that can migrate when an external voltage is applied between the 

electrodes, which makes the electrolyte ions regularly distributed on the interface between the 

electrolyte and the electrodes to form the electric double layers. The electrolyte can be either in 

the form of a liquid solution or in solid state as long as the ionic conductivity is high enough.55 

Aqueous electrolytes are the most commonly used electrolytes. They can provide acidic, neutral, 

or alkaline environment depending on the best working environment of the electrode materials. 

The aqueous electrolytes are nonflammable, facile to prepare and can provide high ionic 

conductivity. However, the working voltage of aqueous electrolytes is usually limited below 1 V 

because the water molecules will start to decompose at voltages higher than 1 V. Besides, liquid 

electrolytes may also cause leakage, which has the potential of damaging the device. Organic 

electrolytes, such as tetraethylammonium tetrafluoroborate and triethylmethylammonium 

tetrafluoroborate in acetonitrile, can provide a wider voltage range between two electrodes because 

these organic electrolytes are less prone to decompose compared with aqueous electrolytes. 

However, several disadvantages such as high flammability, toxicity, and high cost restrict their 

applications. Ionic liquids such as N-butyl-N-methylpyrrolidinium 

bis(trifluoromethanesulfonyl)imide and triethylammonium nitrate, which basically are molten 

salts consist of organic ions at room temperature, have also been investigated as electrolytes.56, 57 

It has been reported that for the same electrode materials, ionic liquid electrolytes provide the 

highest specific energy while aqueous electrolytes provide the highest power density.58 Finally, 
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besides the liquid electrolytes, solid state electrolytes have been developed as well. Solid 

electrolytes allow the movement of ions without liquid components, which can be very useful for 

the fabrication of flexible and all-solid-state devices.59 Ionic liquid and silica-based gel electrolytes 

have been reported to have a better performance than the commonly used H2SO4/poly(vinyl 

alcohol)-based solid electrolytes.60 To sum up, the performance of electrolytes is evaluated based 

on the ability to provide free ions and the mobility of the free ions. Aqueous electrolytes have the 

advantages of high cost efficiency and environmentally friendliness. Organic electrolytes and ionic 

liquid electrolytes can provide higher voltage windows and higher energy densities. The choice of 

the electrolyte in a supercapacitor should be based on its electrode materials and the performance 

requirements for the device. 

1.4.2. Theoretical models and calculations of supercapacitors  

Capacitance is used to describe the ability of a device to store electric charges. It is defined 

as: 

𝐶 =
𝑑𝑄

𝑑𝑉
 

where 𝑄 is the amount of charges in coulombs, 𝑉 is the voltage in volts, and 𝐶 is the capacitance 

in joules per coulomb. The simplest model of a capacitor consists of two parallel metal plates with 

a surface area of 𝐴 at a distance of 𝑑 separated by a dielectric with a permittivity of 𝜀. Theoretical 

calculation shows that the capacitance can be calculated by: 

𝐶 =
εA

𝑑
 

It should be noted that the permittivity and distance between the electrodes are determined 

by the electrolyte and the structure of the device, respectively. They have little room to modify. 
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Based on the above equation, it can be deduced that to increase the capacitance, the most effective 

method is to increase the surface area of the electrodes. 

The energy stored by a capacitor (𝑊) during a fully charging process can be calculated by 

the following equation: 

𝑊 = ∫ 𝑈(𝑞)𝑑𝑞
𝑄

0

= ∫
𝑞

𝐶
𝑑𝑞

𝑄

0

=
𝑄2

2𝐶
=

1

2
𝐶𝑈2 

where 𝑄 is the amount of charge when the capacitor is fully charged, 𝑈 is the voltage across the 

capacitor, and 𝐶 is the capacitance. 

When the capacitor starts to release the charges and supply energy to the external circuit, 

the voltage will decrease as the amount of charges decreases. The power of the device at a given 

time can be calculated as: 

𝑃 =
𝑑𝑊

𝑑𝑡
= 𝐶𝑈(𝑡)

𝑑𝑈(𝑡)

𝑑𝑡
 

The average power during a discharging cycle can be calculated as: 

𝑃 =
𝑊

𝑇
=

𝐶𝑈2

2𝑇
 

where 𝑊 is the energy stored by a capacitor in a full charge, which is equal to the amount of energy 

released through a complete discharge. 𝑇 is the time of the discharging process. 

1.4.2.1. Models of the electric double layers 

The double layers are two parallel layers of opposite charges that are separated at an atomic 

distance on the electrode/electrolyte interface. Various models are proposed to illustrate the 

formation of the electric double layers, including the Helmholtz model, the Gouy-Chapman model, 

the Stern model and the BDM (Bockris, Devanathan, and Muller) model (Figure 1.6).61 The 

Helmholtz model was first proposed by von Helmholtz in 1853 to explain the distribution of 

opposite charges at the interface of colloidal particles.62 This model assumes that two layers with 
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opposite charges are formed and distributed at the electrode-electrolyte interface, and these two 

layers are separated at a distance around 0.1 nm, i.e. the size of a single atom. However, this model 

failed to explain the continuous distribution of ions caused by the irregular thermal fluctuation. 

Gouy and Chapman further developed this model by introducing the diffuse layer, which is formed 

by the continuous distribution of the electrolyte ions in the electrolyte solution due to the thermal 

motion.63 The Stern model combines the Helmholtz model and the Gouy-Chapman model by 

assuming two co-existing regions of ion distribution.64 The inner region close to the electrode is 

called the compact layer or Helmholtz layer where ions are strongly adsorbed by the electrode. 

The diffuse layer is the same as defined by the Gouy-Chapman model. The inner Helmholtz plane 

(IHP) and outer Helmholtz plane (OHP) are the imaginary planes between the Stern layer and the 

diffuse layer. The IHP is formed by the monolayer of polarized solvent ions, and the OHT is 

formed by the charge ions in the electrolyte. They have different types of adsorbed ions and are 

electrostatically attracted together to form the double layer. 

 

Figure 1.6. Models of electrical double layer at a positively charged surface: (a) the Helmholtz 

model, (b) the Gouy-Chapman model, and (c) the Stern model.65 
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The Helmholtz model assumes the capacitor is simply formed by two layers of opposite 

charges, which is similar to that of the two-plate conventional capacitors. The capacitance can be 

calculated similarly by: 

𝐶𝐻 =
ε

𝑑𝐻
 

where  𝑑𝐻  is the thickness of the Helmholtz layer and 𝜀  is the permittivity of the electrolyte 

solution. 

However, the ions do not stay compact and static all the time due to the thermal fluctuation. 

There is a continuous change of charge density caused by the thermal motion of ions from the 

electrode to the electrolyte solution. In the Gouy-Chapman model, the thermal fluctuation factor 

was brought into consideration and a modified calculation of the double layer was proposed. The 

capacitance is expressed as: 

𝐶𝑑𝑖𝑓𝑓 =
ε

𝜆𝐷
 

where 𝐶𝑑𝑖𝑓𝑓 is the diffusion capacitance and 𝜆𝐷 is a constant determined by temperature, the ionic 

concentration of the solution and other properties of the electrolyte. However, because the 

calculation assumes that the ions are point charges and there is no limitation on the distance 

between the ions and the surface, the Gouy-Chapman model tends to overestimate the capacitance. 

The capacitance calculated by the Stern model is given by: 

1

𝐶𝑐𝑙
=

1

𝐶𝑠
+

1

𝐶𝑑𝑖𝑓𝑓
 

where 𝐶𝑐𝑙 is the overall capacitance, 𝐶𝑠 is the Stern-type compact double layer capacitance and 

𝐶𝑑𝑖𝑓𝑓 is the diffuse layer capacitance. 

The most recent model was developed by Bockris, Devanathan and Muller in 1963.66 In 

this model they considered the effect of the interaction between the electrode and the dipoles, and 
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they proposed that a layer of water was present within the inner Helmholtz plane at the surface of 

the electrode (Figure 1.7). 

 

Figure 1.7. BDM (Bockris, Devanathan, and Muller) model.67 

1.4.2.2. Theory of pseudocapacitors 

Pseudocapacitors store energy electrochemically instead of electrostatically in the double 

layers. Pseudocapacitors use similar energy storage mechanism as the batteries, but the 

electrochemical processes in pseudocapacitors are much faster than in batteries. The fast 

charge/discharge ability makes pseudocapacitors behave like the electric double-layer capacitors 

(EDLCs) with high power densities, so people generally view them as a special type of 

supercapacitors. 
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In contrast to the EDLCs which use the double layers to store energy electrostatically, the 

electrodes of pseudocapacitors contain special electroactive materials such as metal-doped carbons, 

conducting polymers, or transition metal oxides. The electroactive materials can undergo quick 

and reversible adsorption/desorption of the electrolyte ions on the electrode surface, or can 

undergo oxidation and reduction reactions, which involves the charge transfer by means of redox 

reactions. These fast and reversible charge transfer process can be viewed as the device being 

rapidly charged and discharged, which results in a capacitive behavior. This type of capacitance 

caused by the reversible Faradaic reactions occurring on the electrodes is called 

“pseudocapacitance”. The term “pseudocapacitance” is used to differentiate from capacitance 

provided by the electric double layers. The intercalation, electrosorption and insertion/adsorption 

of ions can also happen on the electrodes of pseudocapacitors, which is similar to the working 

process of the lithium-ion batteries and can further increase the capacitance of the device. 

 

Figure 1.8. The oxidation/reduction process happened in a pseudocapacitor.68 



 

26 

It should be noted that the double layers are also present in pseudocapacitor electrodes, so 

the electrostatic double-layer capacitance always exhibits in pseudocapacitors. The combination 

of these two different energy storage mechanisms can provide a high capacitance. However, the 

performance of pseudocapacitors usually deteriorate at high current densities, and the life cycle is 

also smaller than that of EDLCs. 

1.4.3. Test methods of supercapacitors 

To characterize the performance of an energy storage device, several electrochemical test 

methods are widely used. These standard test methods can be carried out using the 

potentiostats/galvanostats (known and promoted by instrument manufacturers as electrochemical 

workstations) with build in preset test programs, which can detect and record the response signals 

of either potential or current of an electrochemical system when applied a known potential or 

current input. The electrochemical system usually consists of a working electrode (WE) made from 

the active materials that are being tested, a reference electrode (RE) to provide a stable potential 

for reference, and a counter electrode (CE, also known as auxiliary electrode) that often fabricated 

from the electrochemically inert materials such as gold, platinum, or carbon, to form a complete 

current circuit. A three-electrode system contains the WE, the RE and the CE (Figure 1.9). The 

electrical current between the working electrode and the counter electrode is either applied or 

measured, and the potential difference between the working electrode and the reference electrode 

is either applied or measured. 
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Figure 1.9. Equivalent circuit of the three-electrodes setup.68 

A two-electrode system consists of a working electrode and a counter electrode. In fact, 

the counter electrode also serve as the reference electrode in a two-electrode system, but the 

potential of counter electrode changes during the measurement process, which makes the absolute 

voltage value differ from the measurement done by a three-electrode system. Both the current and 

the potential difference between the working electrode and the counter electrode are recorded in a 

two-electrode test. Based on the different measurement setups, it can be seen that a three-electrode 

system is good to accurately characterize the performance of a single working electrode, while the 

two-electrode system is more suitable for the measurement of the overall performance of a device. 

The commonly used test techniques are discussed in detail as follows. 

1.4.3.1. Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) test is a widely-used technique to study the electrochemical 

properties of the electrode materials. A three-electrode setup is usually used in a CV test. In this 

test, a continuously sweeping voltage is applied between the working electrode and the reference 
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electrode, and the response current between the working electrode and the counter electrode is 

recorded. The voltage range is fixed and the voltage is scanned from one end of the voltage range 

to the other end of the voltage range. When the voltage reaches the designated limit, the sweeping 

process is reversed towards the opposite direction. 

The electrode potential sweeps in a specific voltage range with a constant sweep rate 𝑣: 

𝑣 =
𝑑𝑉

𝑑𝑡
 

where 𝑉 is voltage of the working electrode. The current can be calculated as: 

𝑖 =
𝑑𝑄

𝑑𝑡
=

𝐶𝑑𝑉

𝑑𝑡
= 𝐶𝑣 

Therefore, the capacitance of the electrode can be calculated from the CV test using the 

following equation: 

𝐶 =
𝑖

𝑣
 

The above equation shows that for an ideal capacitor with a constant capacitance, the 

current 𝑖 should remain constant during the CV test, thus the corresponding CV curve should be 

rectangular (Figure 1.10). 

 

Figure 1.10. (a) The voltage input of the CV test. (b) A typical CV curve of a supercapacitor. 
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V
o
lt

ag
e 



 

29 

1.4.3.2. Cyclic charge/discharge test (CCD) 

Cyclic charge/discharge test (CCD), also known as the chronoamperometry, is usually used 

to evaluate the capacity and life span of the supercapacitors and the batteries. In this test, the device 

being tested is charged using a constant current until the voltage reaches the designated value, and 

it is discharged at a fixed current (usually the same as the current for charging process) until the 

voltage reaches the lower designated value. The voltage range is determined by the electrode 

materials and the electrolyte used in the supercapacitor. A full charge and discharge procedure is 

called a complete cycle. The charge-discharge cycles are repeated for up to thousands of times to 

test the life span of the devices. The voltage response of the device over time is recorded. 

 

Figure 1.11. A typical CCD curve. 

The capacitance can be calculated by the following equation: 

𝐶 =
𝐼 × 𝛥𝑡

Δ𝑉
 

where 𝐼 is the discharge current, Δ𝑡 is the discharge time and Δ𝑉 is the voltage window from the 

starting point to the ending point of the discharge process. The capacitance can also be calculated 
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using the charge time instead of the discharge time by the same equation, but the charge time is 

usually shorter than discharge time because of the leakage current, which yields a smaller 

capacitance. Coulombic efficiency is used to evaluate the efficiency of the device. It is defined as 

the ratio of the discharge time to the charge time. It should be noted that for an ideal supercapacitor 

with high Coulombic efficiency, the CCD curve of a complete charge/discharge cycle should be 

symmetrical triangular shaped. For a real device, the equivalent series resistance (ESR) of the 

device causes a sudden voltage drop (known as IR drop) at the beginning of discharging process, 

which reduces the efficiency of a device. 

1.4.3.3. Electrochemical impedance spectrometry (EIS) 

Electrochemical impedance spectrometry (EIS) is a complicated and powerful technique 

that provides more information on the frequency behavior of the system. It is usually used to 

investigate the electrochemical performance of a system in depth, such as the ohmic resistance, 

the charge transfer resistance and the mass transfer rate. In the EIS test, a small excitation signal 

(usually a sinusoidal voltage signal around 5~10 mV) is applied to the electrochemical system. 

This applied sinusoidal voltage results in an alternating current, and the magnitude and the phase 

of the response current are recorded over a wide frequency range. Under an ideal condition, the 

current response to the sinusoidal voltage input is also sinusoidal at the same frequency but with a 

phase shift. The frequency scanned in a complete EIS test usually ranges from ~1 MHz to ~0.01 

Hz. 

The Nyquist Plot can be derived by plotting the real part of the impedance on the X-axis 

and plotting the imaginary part on the Y-axis (Figure 1.12). Each point on the Nyquist Plot 

represents the impedance at that frequency. The points on the left side of the curve represent the 

impedance at high frequencies, and the points on the right side represent the impedance at low 
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frequencies. The angle between the vector from the origin to the impedance points and the X-axis 

represents the phase angle at that frequency. The Bode plot is another type of plot that can show 

the frequency information of the EIS data. It is created by plotting the log frequency on the X-axis, 

and plotting both the absolute values of the impedance and the phase-shift on the Y-axis. 

 

Figure 1.12. (a) A typical Nyquist plot. (b) A typical Bode plot.68 

The capacitance can be calculated from the EIS data by the following equation: 

𝐶 = −
1

ω𝑍"
== −

1

2πf𝑍"
 

where 𝜔 (s-1) is the frequency of the excitation signal, 𝑓 is the frequency in hertz (Hz), and 𝑍” (Ω) 

is the imaginary part of the impedance. 

(a) 

(b) 
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1.5. Materials for electrodes of supercapacitors 

1.5.1. Carbon-based materials 

Carbon-based nanomaterials show many unique properties (e.g., chemical and thermal 

stability, electrical conductivity, mechanical strength, etc.) and have attracted intense research 

interests in the fields of chemistry, materials science and condensed matter physics.69, 70 Different 

allotropes of carbon (e.g., charcoal, graphite, diamond, fullerenes, carbon nanotubes and graphene) 

exhibit various microstructures, morphologies, crystallinities, and other physical and chemical 

properties.71 Carbon-based materials can be produced in different physical forms (e.g., powders, 

fibers, foams, aerogels, fabrics, composites, etc.), which, together with their wide-ranging physical 

and chemical properties, render carbon an important material in many different industries and 

sectors, especially in the sector of energy storage devices (e.g., lithium ion batteries, 

supercapacitors, fuel cells, etc.). For this application, carbon materials’ high electrical 

conductivity, large surface area and interconnected porous structure are highly suitable properties 

for the electrodes in the energy storage devices.72, 73 

1.5.1.1. Activated carbons 

Activated carbons (ACs), one of the most commonly used carbon materials in both the 

academia and the industry, are carbonaceous material with large surface area and well-developed 

porous structure. The history of ACs dates back to 1500 BC when Egyptians used activated 

charcoals as the adsorbent of the pollutants and the purifying agents.74 Currently it is widely used 

for gas and water purification, sewage treatment, air filters in gas masks and respirators, filters in 

compressed air and many other applications. 

ACs can be produced by pyrolysis of the raw materials followed by physical or chemical 

activation of the carbonaceous precursors.75 After the initial pyrolysis step, a product with high 
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carbon content is produced, so this step is also known as the carbonization of the raw materials. 

The activation step involves the primarily oxidation of the carbonaceous materials by activation 

agents. It is used to create porous structure and to increase the surface area. The activation can be 

carried out either by the reaction with oxidizing gases such as steam and carbon dioxide, or by 

reacting with chemical activating agents such as potassium hydroxide, zinc chloride and 

phosphoric acid. In some cases, the carbonization and activation can be combined and carried out 

at the same time. A two-step method is generally used to make ACs: the raw materials are 

pyrolyzed to remove most of the non-carbon materials, and then the resultant char is activated to 

create open pores.76 Both the physical and the chemical methods can be used for the activation. In 

the physical method the activation occurs at elevated temperatures in the presence of oxidizing 

gases such as carbon dioxide or steam.77 The chemical activation method combines the 

carbonization and the activation into one step, in which the raw materials are impregnated with the 

activation agents (e.g., zinc chloride, phosphoric acid, potassium hydroxide, etc.) and heated to a 

relatively low temperature for simultaneous carbonization and activation. Besides its simplicity 

and lower temperature requirement, the chemical activation often results in much higher yields 

and better-developed pore structures.78 

The application of ACs is based on their unique properties derived from the high surface 

area and the well-developed porous structure. The pore population of ACs usually includes 

micropores (< 2 nm), mesopores (2-50 nm) and macropores (> 50 nm). The porous structure of 

ACs allows them to adsorb materials from the liquid and the gas phase, as such, they have been 

used for air pollution control, water treatment, catalyst supports, etc. Besides, they are currently 

the most widely used electrode materials in supercapacitors.79, 80 The large surface area of ACs (up 

to thousands of square meters per gram) contributes to the high capacitance of supercapacitors 
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because the electrochemical properties of the electrodes is proportional to their surface areas.75 

Among the three pore types, the micropores play an especially important role in determining the 

capacitance because they are the major contributors to the surface area and are accessible to most 

of the electrolyte ions. Carbon materials are generally inexpensive and chemically stable in 

different electrolyte solutions, even in the harsh electrolytes such as a KOH solution. As such, 

many researches have focused on the development of novel carbon materials for the high-

performance energy storage devices in recent years. 

1.5.1.2. Graphene 

Graphene is a two-dimensional material with a unique crystal structure. It is formed by 

carbon atoms bonded together in a hexagonal honeycomb lattice (Figure 1.13). Graphene can be 

viewed as a single atomic layer of graphite, so by peeling off the graphite using simple tools such 

as the adhesive tapes, single-layer graphene can be eventually produced.70 Although the graphite 

was discovered thousands of years ago and can be easily found in natural minerals, it was generally 

believed that a single layer of carbon atoms cannot exist before the discovery of graphene. Since 

it only has one layer of atoms, it is known as the thinnest material. Besides, it has high mechanical 

strength, high thermal and electrical conductivity, which makes graphene one of the most popular 

materials nowadays. Previous research show that the Young’s modulus of graphene can be as large 

as 1 TPa.81 The thermal conductivity of graphene is as large as 5000 W/(m•K), and the electrical 

conductivity can reach 6000 S/cm.82, 83 
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Figure 1.13. Structure of graphene. 

High quality graphene can be produced in large scale using different methods. Although 

the mechanical exfoliation is possible to produce high-quality graphene, its efficiency is low and 

the quality of the graphene is hard to control, so it is only a proof of concept method rather than a 

practical method for large-scale production. Currently the most widely used method is the 

chemical reduction of graphene oxide (GO). The synthesis of GO was first developed by Hummers 

and Offeman in 1958 (known as the Hummers’ method), and was further improved by many 

researchers.84 To prepare GO, graphite is exfoliated and oxidized by strong chemical agents such 

as H2SO4, KMnO4 and hydrogen peroxide. Due to the rich functional groups such as carboxylic 

acid, epoxide and hydroxyl groups on the GO structure, GO can be uniformly dispersed in water 

and are compatible with many materials such as the soluble polymers. GO can be treated by 

reducing agents to remove the functional groups on the surface of the carbon layer to produce pure 

graphene. 

Graphene is a good candidate for the electrode materials of supercapacitors. The surface 

area of graphene can reach up to 2630 m2/g, which promotes the EDLC behavior.85 The high 

conductivity can effectively reduce the ESR and increase the Coulombic efficiency of the device.  
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1.5.1.3. Carbon nanotubes (CNTs) 

Carbon nanotubes (CNTs) are tube-shaped materials made of carbon atoms. The structure 

of CNTs can be viewed as the graphene sheets rolled up to form the hollow cylindrical 

nanostructures (Figure 1.14). The elastic modulus of CNTs can be as high as 1 TPa, which is 

almost 100 times higher than that of steel.86 Depending on the number of graphene layers in the 

tube, CNTs can be divided into two categories, i.e. single-walled carbon nanotubes (SWCNT) and 

multi-walled carbon nanotubes (MWCNT). The SWCNT contains only one single rolled graphene 

sheet, so the diameter of the tube is only 1~2nm. The MWCNT contains multiple layers of 

graphene in the tube, so the diameter can be as large as 100 nm.87 

 

Figure 1.14. Structure of single-walled CNTs. 

In the electrode applications, the CNTs function differently than the ACs. The high aspect 

ratio of CNT favors the formation of an entangled CNT network with interconnected porous 

structure. The pores of CNTs are open and accessible. The pores are in the range of mesoporous 

region rather than in the micropores region as in the ACs. As a result, the surface areas may not be 

as large as that of ACs, but they are accessible to almost all the electrolyte ions. Furthermore, the 

good conductivity can effectively increase the performance of the cell by reducing the energy 

dissipation caused by the internal resistance. Because of their high conductivity and low 
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percolation limit, they can form a three-dimensional conducting network in the electrodes and 

functions as the conductive additive. Besides, CNTs can be functionalized to facilitate the 

dispersion in different solvents so that they have compatibility with many composite materials. 

The functional groups can improve the wettability of the electrodes produced by the CNTs, and 

the pseudocapacitance can be introduced into the cells due to the Faradaic reactions caused by the 

oxygen and nitrogen atoms in the functional groups. As such, the CNTs are ideal substrate for the 

pseudocapacitors and are often used to support the pseudocapacitive materials such as the metal 

oxides and the conducting polymers to achieve high pseudocapacitance. 

1.5.1.4. Carbon aerogel 

Aerogels are porous and ultralight solid materials that are typically derived from hydrogels. 

Instead of the absorbed liquids in hydrogels, most of the internal space in aerogels is occupied by 

air. Aerogels are often referred to as “frozen smoke” or “solid smoke” due to their extremely low 

density. When converting hydrogels into aerogels, the liquid component of the hydrogels is 

extracted by a freeze-drying or supercritical drying process, which removes the liquid while 

maintaining the delicate gel network structure. 

Carbon aerogels have a three-dimensional (3D) mesoporous network structure formed by 

the condensation of the carbon nanoparticles. The 3D network provides high surface area and 

accessible pathway for the electrolyte ions. Some previous studies argue that the micropores, 

although exhibiting large surface area, are considered too small for ions to enter and therefore 

contribute little to the energy storage (Figure 1.15). Macropores, on the other hand, create 

relatively small surface area and offer low capacitance.88 The mesopores with fully accessible 

surface area formed by the carbon aerogels are considered as the ideal structure for high 

capacitance. Besides, the electrical conductivity of the carbon aerogels can be increased by 
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improving their degree of graphitization. Therefore, carbon aerogels are ideal electrode materials 

for supercapacitors. Pseudocapacitance can also arise from the surface functional groups of carbon 

aerogels, which can further increase their energy storage performance.89 

 

Figure 1.15. The adsorption of electrolyte ions by electrodes with different pore sizes.90 

Carbon aerogels can be easily prepared by the direct pyrolysis of the organic aerogels 

formed by many polymeric composites such as resorcinol-formaldehyde (RF), phenol-furfural 

(PF), phenol-resorcinol-formaldehyde, melamine-formaldehyde (MF).89 The gels are typically 

prepared by the sol-gel method, through which the gel pores are formed by the interconnected 

colloidal nanoparticles. By adjusting some parameters such as the pH, the temperature and the 

concentration of the gel, the pore size and their distribution can be accurately controlled. Besides, 

carbon aerogels can also be produced by the direct pyrolysis of bacterial cellulose, which is a 

natural aerogel formed by interconnected networks of cellulose nanofibers. It has been reported 

that by the pyrolysis of bacterial cellulose at 1300 °C under argon atmosphere, a highly conductive 

and stretchable carbon aerogel was formed and show excellent fire-resistant property and 
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compressibility.91 This novel method of preparing carbon aerogel from bio-based materials and its 

application in the electrodes of supercapacitors will also be discussed in this dissertation. 

1.5.2. Conducting polymers (CPs) 

Conducting polymers have distinctive carbon chains formed by the alternating C-C bond 

and the C=C bond, which are known as the conjugated chains. Polymers with the structure of 

conjugated chains are called conjugated polymers. The valence electrons are not bound by the 

atomic nucleus but are delocalized on the conjugated chain, which causes an increased mobility 

on the chain and brings the conductivity of the polymer to semi-conductor level (10-11 to 10-3 

S/cm).92 The simplest conjugated polymer is the polyacetylene (Figure 1.16), which contains only 

the conjugated backbone without any other functional groups. In their cooperative work done by 

Heeger, MacDiarmid and Shirakawa in the 1970s, they found that the conductivity of 

polyacetylene could reach the degree of metallic materials when it was oxidized by iodine or 

bromine.93 Their work proves that the conductivity of conjugated polymers can be remarkably 

increased to the metallic level by the doping process. 

 

Figure 1.16. Structure of the conjugated chain (polyacetylene). 

Since then, the theory for the high conductivity of the conducting polymers has been 

established gradually. It is widely accepted that the conjugated polymers become conductive after 

the doping process, which is to disturb the delocalized electrons on the conjugated backbone either 

by reduction or by oxidation. Two types of doping are available, i.e. the p-doping by oxidation and 
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the n-doping by reduction. The p-doping is done by removing electrons from the polymer chain 

and adding anions from the electrolyte into the conjugated chain. The n-doping is done by the 

reduction of the polymer chain, which is essentially the opposite process of N-doing. After doping, 

the mobility of the charge carriers is increased and the whole molecule becomes conductive. 

The capacitance of CPs-based supercapacitor is caused by the pseudocapacitive behavior 

in the doping process. The CPs on the electrodes can be electrochemically oxidized or reduced, 

which is essentially a Faradic reaction that gives rise to the pseudocapacitance. CP-based SCs 

usually have a higher energy density than the EDLCs and can bridge the gap between the batteries 

and the EDLCs. Besides their good electrochemical properties, CPs also have some unique 

mechanical properties. They are lightweight and flexible, which is ideal to fabricate flexible 

devices that can be bent or twisted. CPs are stable in strong acid or alkaline electrolytes, which 

makes the choice of electrolytes more versatile. Besides, the techniques used to process 

commercial polymers can still be applied for the synthesis of CPs, which makes large scale 

fabrication in industry feasible. The molecule structures of some commonly used CPs for electrode 

materials are shown in Figure 1.17.  
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Figure 1.17. Structures of common CPs used for electrode materials. (a) polypyrrole (PPy), (b) 

polyaniline (PANI), (c) (ethylenedioxythiophene) (PEDOT), and (d) polythiophene (PTh). 

However, several drawbacks such as the poor cycle-life and the low cycling stability 

restrict the performance of CPs as electrode materials.94 The volume change during the redox 

reactions causes the structural degradation and eventually failure of the electrodes. Besides the 

redox reaction that is used to store charges, some side reactions can inevitably happen at the same 

time, which slowly deteriorates the electrode performance. As a result, CPs are often supported on 

porous rigid materials such as porous carbons and the CNTs. 

1.5.3. Transition metal oxides 

The transition metal oxides, such as ruthenium oxides, manganese oxides, vanadium 

pentoxide, nickel oxides, cobalt oxides, belong to another category of electrode materials with high 

pseudocapacitance. The transition metals have a variety of oxidation states that are electrical 

conducting or semiconducting. The metal oxides or hydroxides can undergo a series of continuous 

redox reaction to switch among these states, which causes a large pseudocapacitance. The reported 

value of specific capacitance for the transition metal electrodes can reach up to 1100 F/g.95 As a 

(a) (b) 

(d) (c) 
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comparison, the capacitance of ACs-based materials is only around 200 F/g. Because of many 

oxidation states that transition metal oxides have, the CV curves of transition metal electrodes 

usually show a quasi-rectangle shapes without any major peaks, which are different from the CV 

curves of electrodes based on the conducting polymers with obvious oxidation peaks and reduction 

peaks. 

The main advantage of the transition metal electrodes is their high theoretical capacitance. 

For example, NiO shows a high theoretical capacitance value of 2573 F/g.96 However, the main 

disadvantage of transition metal electrodes is their poor electrical conductivity. Many methods 

have been developed to compensate for the poor electrical conductivity of the transition metal 

oxides. The transition metal oxide can be deposited on the surface of a supporting skeleton with 

high surface area and good electronically conductivity, which can effectively increase the 

electrochemical performance. Conductive additives such as graphene and the CNTs can also be 

used to produce composites so that the electrodes can have both high capacitance and high 

electrical conductivity. 

To sum up, the capacitance of SCs is produced through many different ways including the 

double-layers formed on the surface of electrodes, the reversible adsorption of electrolyte ions on 

the electrodes, the reversible doping process of conducting polymers and the redox reactions of 

transition metal oxides. The structure of SCs can be symmetrical or asymmetrical. The electrolytes 

can be chosen from aqueous or organic solutions, ion liquids or solid-state gels, etc. Different 

electrode materials are available with their distinctive advantages and drawbacks. The design of 

SCs must take all the factors into consideration and ensure that the components are compatible 

with each other so that the advantages of each component can be fully exploited and the 

performance of the device can be optimized. 
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1.6. Recent developments in carbon materials 

Previous research show that ACs can be produced from various fossil-based hydrocarbons 

(e.g. coal and lignite97, 98) and biomass99 (i.e. lignocellulosic materials100). At present coal is still 

the dominant raw material despite the environmental damages associated with its production and 

utilization.101 This raw material, however, is not a sustainable material source for the production 

of ACs. Biomass, on the other hand, has been gaining popularity because of its distinctive 

advantages such as abundance and renewability. Various types of biomass have been used to 

produce ACs, including rice husks102, coconut husks,103 cotton stalks104, and most recently 

distiller's dried grains with solubles (DDGS).105, 106 

A novel biomass produced by bacterial, bacterial cellulose, has recently been explored for 

the application as electrode materials. Bacterial cellulose (BC) is chemically identical with the 

cellulose in the cell walls of plants, but in contrast with the plant-derived cellulose which is 

heterogeneous and difficult to purity and utilize, BC is free from lignin, hemicellulose and other 

biopolymers that exist in the cell walls.107 Besides its purity, BC also has many distinctive 

properties such as high crystallinity108, high mechanical strength109, high water holding capacity110 

and outstanding biocompatibility111. BC has a unique three-dimensional (3D) network structure 

formed by the ultrafine cellulose fibers, which can be used to produce 3D ultra-lightweight 

aerogels.112 The excellent biocompatibility of BC makes it ideal for the biomedical applications 

such as skin tissue repair. Besides, the commercialization of BC for application in drug delivery 

systems shows promising future.113, 114 In the field of nanomaterials, it has been reported that 

highly conductive and flexible carbon aerogels (CA) can be produced from lyophilized BC 

aerogels by the pyrolysis in inert atmosphere such as argon or nitrogen.115 BC has been used in the 

field of energy storages in recent years. For example, BC was employed as the template and 
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substrate to support the electro-active materials.116-119 The composites have unique flexible 

mechanical properties with good bending stability, and show high electrochemical performance 

with specific capacitances up to ~500 F/g and energy densities up to ~30 Wh/kg. Recently, BC-

based gel electrolyte has also been developed to fabricate all-biomaterial derived SCs.120 Nitrogen-

doped electrode materials from the pyrolyzed BC are synthesized by the hydrothermal reaction 

between BC and aqueous ammonia solution or by the annealing of BC in NH3 atmosphere.121, 122 

Despite these advances, the application of BC for energy storage devices still needs to be studied 

further. 

Traditional carbonization and activation of biomass require high temperature 

(1000~2000℃). Recently, the microwave irradiation has been reported to be an effective and 

efficient method to produce carbonaceous and related materials with various hierarchical 3D 

structures.123 For this method to work, microwave absorbing materials such as graphene oxide (GO) 

need to be present in the precursors to generate required high heat.80 The electrodes prepared using 

microwave-induced graphene layers show high specific capacitance and outstanding cycling 

performance.124, 125 The high temperature generated by microwave irradiation promotes the growth 

of graphitic carbon and increases the electrical conductivity of the obtained carbonaceous materials, 

which can reduce the equivalent series resistance (ESR) of an energy storage device and increase 

its electrochemical performance. 

Hydrothermal carbonization (HTC) is another energy efficient carbonization method that 

is especially useful for the biomass carbonization. Traditional carbonization methods such as 

pyrolysis can convert dry biomass into charcoal, liquid or gaseous products at high temperatures 

(1000~2000 °C).126 HTC, on the contrary, involves treatment of biomass in a pressurized, aqueous 

environment at a mild temperature (160~250 °C).127 The process lowers both oxygen and hydrogen 
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contents of the biomass through an array of reactions including hydrolysis, dehydration, 

decarboxylation, polymerization and aromatization.128, 129 The products from this process are 

carbon-rich lignite-like solid hydrochar and water-soluble chemicals including sugar- and lignin-

derived compounds.130-132 This method can treat wet or green biomass directly and consumes less 

energy compared with the conventional high temperature carbonization methods. HTC is an 

energy efficient method to convert wet biomass for energy and chemicals,133 and it uses water as 

the medium. Therefore, HTC is considered an environmentally benign and inexpensive path to 

develop high value applications of biomass. HTC has been used to produce functional carbon 

materials with hierarchical porous structures. For example, it has been reported that aqueous 

glucose solutions can transform into porous carbon spheres at relatively mild temperature (~160 °C) 

under 6~7 atm pressure due to the dehydration effect that occurs during the hydrothermal 

process.134 Fluorescent carbon nanoparticles were successfully developed from chitosan using 

HTC, which had the potential to be used in large-scale production.135 Carbonaceous aerogels were 

prepared by a one-step HTC method, and the aerogels were used as scaffolds for Fe3O4 

nanoparticle growth. The composites exhibited excellent electrochemical performance after 

calcination.136 In searching for producing bio-based carbonaceous nanomaterials using a green 

method, carbonization of DDGS using HTC represents a promising route. 

1.7. Research needs and research goal 

Due to its low-cost, renewability, and high commercial availability in the Midwest of the 

US, DDGS is an ideal biomass for the production of ACs. Although the preparation of ACs from 

DDGS has been reported in three prior studies, traditional pyrolysis method were used in these 

studies.137 No in-depth investigation on carbon crystalline structure/conductivity vs pyrolysis 

conditions were performed and no attempts to increase the capacitance of the ACs through 
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incorporating pseudocapacitance were made. In terms of BC, although it has been made into 

carbon aerogels and used for energy storage devices, new methods for nanofiber surface 

modification to increase the capacitance is still necessary. 

The main goal of the dissertation is to develop facile, energy efficient processes to produce 

bio-based carbon nanomaterials that have high energy storage performance. HTC and microwave 

irradiation will be used as the energy efficient carbonization methods. DDGS and BC will be 

chosen as the representative biomass feedstock. Deposition of electrochemically active materials 

on the carbon nanomaterials for additional pseudocapacitance will be explored. The applications 

of the obtained carbon nanomaterials in supercapacitors will be demonstrated. 

1.8. Organization of the dissertation 

The first chapter provides a thorough literature review on energy storage devices and the 

materials for electrode of supercapacitors. The fundamentals of energy storage are discussed in 

detail, and different kinds of electrode materials are introduced to compare their properties and 

their performances. 

In chapter 2, a one-step, facile method to produce 3D ACs from DDGS by microwave-

assisted chemical activation was presented. The ACs’ application potentials in dye removal and 

supercapacitor electrodes were demonstrated. The porous structure and surface properties of the 

ACs were characterized by N2 adsorption/desorption isotherms and scanning electron microscopy. 

The results showed that the surface area of the as-prepared ACs was up to 1000 m2/g. In the dye 

removal tests, these DDGS-based ACs exhibited a maximum adsorption ratio of 477 mg/g using 

methylene blue as an example. In electric double layer capacitors, electrochemical tests indicated 

that the ACs had ideal capacitive and reversible behaviors and exhibited excellent electrochemical 

performance. The specific capacitance varied between 120 and 210 F/g under different scan rates 
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and current densities. In addition, the capacitors showed excellent stability even after one thousand 

charge–discharge cycles. The specific capacitance was further increased up to 300 F/g by in situ 

synthesis of MnO2 particles in the ACs to induce pseudo-capacitance. This research showed that 

the DDGS-based ACs had great potentials in environmental remediation and energy storage 

applications. 

In chapter 3, a facile, energy-efficient process for producing highly graphitized ACs using 

DDGS as the feedstock is discussed. The three-step process included hydrothermal carbonization 

(HTC), KOH activation, and a short burst of direct microwave irradiation. It was found that the 

presence of a small amount of graphene oxide (GO) in DDGS could significantly change the 

morphology of the produced carbon (from spherical particles to flakes) and increase the degree of 

carbonization and graphitization of the biomass. The ACs produced with and without GO were 

made into supercapacitor electrodes, and their electrochemical properties were compared. This 

study proves that GO-assisted HTC and direct microwave irradiation is an effective method for 

biomass carbonization, and the AC produced using this method is a promising electrode material 

for supercapacitors. 

Chapters 4 and 5 focus on the development of pseudocapacitors by the electrodeposition 

technique. In chapter 4, a facile method to create a polyaniline (PANI) nanorod/carbon 

nanoparticle (CNP) composite structure that is suitable for supercapacitor use is introduced. A 

network of CNPs was conveniently produced on the surface of a nickel foam by collecting the 

candle soot above a burning candle. The PANI nanorods were then electrochemically deposited 

on the CNP network, forming a star-like interconnected 3D structure. As a comparison, MnO2 

particles were also deposited on the CNP network to produce a broccoli-like structure. The 

electrochemical properties of these two composites were examined using cyclic voltammetry, 
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cyclic charge-discharge, and electrochemical impedance spectroscopy. The two electrodes 

exhibited different electrochemical behaviors: high capacitance at low current densities and 

marked deterioration at high ones for CNPs/PANI and relatively low but stable capacitance for 

CNPs/MnO2. The reasons for this distinction were discussed based on the structures and material 

properties of the electrodes. 

In chapter 5, bacterial cellulose (BC) was used as the raw material to produce freestanding 

carbon aerogel (CA). The CA developed from BC was further decorated with MnO2/Ni(OH)2 

hybrid via electrodeposition and redox reaction. The application of this novel material as 

electrodes of supercapacitors was explored. The as-prepared composite used CA as the scaffold, 

and the MnO2/Ni(OH)2 hybrid formed by MnO2 and Ni(OH)2 nanoparticles served as the active 

materials to promote high electrochemical performance. The electrochemical performance was 

examined in 1 M Na2SO4 electrolyte. The results showed that a specific capacitance of 109 F/g 

was achieved at the current density of 1 A/g. The electrode could deliver an energy density of 9.4 

Wh/kg and a power density of 4000W/kg. These results demonstrated the potential application of 

BC for electrode materials of energy storage devices. This study provides a bio-based, low-cost 

and renewable material source for the fabrication of electrodes in energy storage devices. 
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2. DEVELOPMENT OF ACTIVATED CARBONS FROM AGRICULTURAL 

RESIDUALS AND THEIR APPLICATIONS FOR ELECTRODES OF 

SUPERCAPACITORS AND CONTAMINANTS REMOVAL 

2.1. Introduction 

Dried Distillers Grains with Solubles (DDGS) is the primary by-product from dry-milled 

corn ethanol production. Each year the U.S. produces 14 billion gallons of corn ethanol and as a 

result 30 million tons of DDGS is generated.1 DDGS typically contains about 42% fiber, 27% 

crude protein, 7% starch, and 0.6% phosphorus,2 and is primarily used as an animal feed. Due to 

its large yield, the value of DDGS is fairly low, selling at less than 10 cents/lb. in bulk. It is 

therefore important to find new value-added uses for DDGS to increase the sustainability of the 

corn ethanol industry. 

One potential use of DDGS is to produce activated carbons (ACs), which are carbonaceous 

materials with high specific surface area, microporous structure and various surface functional 

groups. ACs can be produced using different activation methods and activation agents. The 

specific surface area of ACs measured by Brunauer-Emmett-Teller (BET) method typically ranges 

from 1,000 to 2,000 m2/g. Due to their high specific surface area, high thermal stability, relatively 

low cost, wide availability and strong adsorption capability, ACs have been widely used to remove 

heavy metals3 and dyes4 from liquids. Various techniques, including physical, chemical and 

biological methods, and their combinations, have been investigated for color removal from dye-

laden wastewater.5 Among these techniques, the physical adsorption by ACs is considered to be a 

simple, low-cost and effective method.6 

Another important use of ACs is to make electrodes for energy storage devices such as 

batteries and capacitors. EDLCs are widely recognized as an alternative to batteries with the 
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advantages of high power density, large capacity, relatively low leakage current, long cycle life 

and simple charge-discharge mechanisms.7 As a result, EDLCs have played an increasingly 

important role in energy storage applications. The electrodes in an EDLC show significant effects 

on the electrochemical properties of the supercapacitor.8 The ideal electrode material should 

possess large specific surface area, optimum pore size and size distribution, high electric 

conductivity, high chemical and thermal stability in electrolytes, and should have low-cost 

abundant supply. 

Although ACs have been produced from different types of biomass, developing ACs from 

DDGS using energy-efficient microwave-induced heating has not been attempted. Microwave 

heating has the advantages of higher heating rate and lower energy cost. The goal of this study is 

to study the processing-property relationship of the DDGS-based ACs produced via microwave 

heating and phosphoric acid activation. Processing parameters including the acid/DDGS ratio and 

heating temperature are varied and their effects on the surface area, pore size and pore size 

distribution of the obtained ACs are determined. Great application potentials of the DDGS-based 

ACs are demonstrated through dye removal tests and supercapacitor applications. 

2.2. Experimental 

2.2.1. Materials 

DDGS from Tharaldson Ethanol Plant (Casselton, North Dakota) was ground into powder 

and sieved through a 0.5mm screen. The composition of DDGS was analyzed following the AOAC 

Official Methods.9 The contents of neutral detergent fiber and acid detergent fiber were measured 

using an ANKOM Fiber Analyzer. Crude protein content was determined using a Tecator Kjeltec 

1030 Autoanalyzer. Crude fat content was measured through ether extraction using a Goldfisch fat 

extractor. The composition analysis shows that the as-received DDGS contains about 91 wt.% dry 
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matter, which comprises primarily fiber (~ 60 wt.%), protein (~ 30 wt.%) and fat (~ 10 wt.%). 

Phosphoric acid (85%, J.T. Baker) was used as the activation agent. Methylene blue (MB) 

(10mg/ml in water, Alfa Aesar) was used as the adsorbate to test the adsorption behavior of the 

produced ACs. Conductive carbon black (TIMCAL SUPER C45), polyvinylidene fluoride 

(PVDF) binder and N-methyl-2-pyrrolidone (NMP) were purchased from MTI Corporation. All 

the chemicals in this study were used without further purification. 

2.2.2. Preparation and characterization of DDGS-based ACs 

DDGS was first impregnated with phosphoric acid at 1/1 and 2/1 acid/DDGS weight ratios. 

Distilled water was then added into the mixtures to lower their viscosity to enable magnetic 

stirring. The ratio of DDGS to distilled water was set at 1:1 for all the samples. The stirring lasted 

for 1 h at 50 ℃ and homogeneous mixtures were formed at the end of the process. These precursors 

were then carbonized and activated using a microwave-assisted chemical activation method, in 

which the precursors were heat treated under different temperatures in a microwave furnace (CEM 

MAS 7000 Microwave Ashing Oven) for 20 minutes. After the treatment, the samples were cooled 

down to ambient temperature and washed with 0.5M KOH solution and distilled water 

consecutively till the pH of the effluent was in the range of 6.0–7.0. A constant nitrogen flow of 

1000 mL/min was supplied to the furnace during the entire heating and cooling process. The final 

AC products were obtained by drying the washed samples at 75 °C to a constant weight, followed 

by grinding and sieving them through a 500 mesh. The AC products were designated by their 

activation temperatures and acid/DDGS ratios. For example, the AC obtained at 300°C with an 

acid/DDGS ratio of 2/1 was designated as AC-300-2. The surface morphology of the DDGS before 

and after the heat treatment was studied using SEM (JEOL JSM-6490LV). Energy-dispersive X-

ray spectroscopy (EDS) was used to analyze the elements on the surface of the obtained ACs. 
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2.2.3. Specific surface area and pore size distribution measurements 

The specific surface area, pore size and pore size distribution of the DDGS-based ACs 

were measured using an Accelerated Surface Area and Porosimetry System (ASAP2420, 

Micrometritics company) following the Brunauer−Emmett−Teller (BET) and Density functional 

theory (DFT) methods. Nitrogen was used as the adsorbate and the adsorption test was carried out 

at 77 K. Before the tests all the samples were heated to 160 °C at 10 °C/min under vacuum and 

kept isothermally for 240 min for degassing. 

2.2.4. Adsorption tests 

To investigate the ACs’ ability to remove dyes from water, 100 mg of selected ACs were 

added into 100 mL of MB solution (300 mg/L) in 125 ml Erlenmeyer flasks and all the flasks were 

shaken at 200 rpm using a Water Bath Orbital shaker (Thermo Scientific MaxQ 7000) at 50 °C. 

The concentrations of the MB solutions after different adsorption times were determined using a 

UV–Vis spectrophotometer (Varian Cary 5000, Agilent Technologies) by monitoring the intensity 

of the absorbance peak at 665 nm wavelength. A calibration curve was first obtained by measuring 

the intensities of the same peak of the MB solutions with known concentrations. In order to acquire 

adsorption equilibrium, 100 mg AC was added into 100 ml MB solution (300 mg/L) in a flask and 

the flask was shaken (200 rpm at 50 °C) until the equilibrium was obtained (about 12 hours). All 

the experiments were carried out without pH adjustment. The weights of MB adsorbed by each 

gram of ACs (i.e. adsorption ratio) at equilibrium (qe) and at time t (qt) were calculated by the 

following two equations, respectively. 

𝑞𝑒 =
𝐶0 − 𝐶𝑒

𝑊
𝑉 

𝑞𝑡 =
𝐶0 − 𝐶𝑡

𝑊
𝑉 



 

63 

where C0, Ct, and Ce are the initial MB mass concentration, the MB concentration at time t, and 

the MB concentration at equilibrium, respectively. V is the volume of the solution and W is the 

mass of the adsorbent. 

2.2.5. Fabrication and electrochemical property testing of electrodes 

To prepare supercapacitor electrodes using the DDGS-based ACs, the ACs, carbon black 

and PVDF (80:10:10 by weight) were mixed and ground thoroughly. NMP was added to the 

mixtures and pastes were formed after stirring. The pastes were then coated onto nickel foam 

current collectors, followed by drying in a vacuum oven overnight at 75 °C to remove NMP. The 

dried foams were pressed under a pressure of 10 MPa to ensure good electrical contacts between 

the ACs and the current collectors. The mass of the active materials (i.e., ACs, carbon black and 

PVDF) on the electrodes ranged from 5 to 12 mg. 

The performance of the electrodes was analyzed at room temperature by cyclic 

voltammetry and chronopotentiometry tests using an electrochemical workstation (CHI 660C, CH 

Instruments, Inc.). A three-electrode cell was used for the tests with a platinum mesh as the counter 

electrode, Hg/HgO as the reference electrode, and 6M KOH as the electrolyte, respectively. The 

voltammetry experiments were performed at different potential scan rates (5 - 100 mV/s) between 

0 and -1 V. The specific capacitances (Csp) were calculated from the obtained CV curves using the 

following equations:8 

𝐶𝑠𝑝 =
∫ 𝑖𝑑𝑢

2𝑤𝑣Δ𝑉
 

where i and u are the instant current and instant potential, respectively. w is the mass of the active 

materials on the electrodes, v is the scan rate, and ∆V is the difference in voltage at the start and 

the end of a scan cycle. 
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The energy density (De) and power density (Dp) of the electrodes were calculated based on 

the cyclic charge/discharge (CCD) measurements performed between 0 and -1 V at various current 

densities (0.25 ~ 5 A/g): 

𝐷𝑒 =
1

2
𝐶𝑠𝑝(Δ𝑉)2 

𝐷𝑝 =
𝐷𝑒

Δ𝑡
 

The specific capacitance was also calculated using: 

𝐶𝑠𝑝 =
𝐼Δ𝑡

𝑤Δ𝑉
 

where I is the charge/discharge current, ∆t is the time for a full discharging process, w is the mass 

of the active materials on the electrodes, and ∆V is the voltage window in the CCD tests. The 

electrochemical impedance spectroscopy (EIS) analysis was performed using a potentiostats 

(Gamry instruments, Reference 600) within the 0.01 to 20K Hz frequency range under open circuit 

potential with a perturbation of 5 mV. 

2.2.6. In-situ synthesis of MnO2 during DDGS carbonization 

DDGS and phosphoric acid were first mixed at 1:1 ratio (total weight ~ 20 g). 15 mL 

KMnO4 solution (100 mM) was then added and the mixture was stirred for 30 minutes to form a 

homogenous slurry. The slurry was carbonized using a microwave oven at 600°C under continuous 

nitrogen flow (1 L/min) for 20 minutes. The product was washed repeatedly using distilled water 

and fine black power was achieved after oven drying. The powder was made into electrodes and 

tested by the same methods as used on the pure ACs. 
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2.3. Results and discussion 

2.3.1. Surface morphology analysis 

The optical and SEM images of the ground DDGS powder are shown in Figure 2.1a and 

2.1b, respectively. The sample exhibits spherical micro-grains with relatively smooth surface. 

After activation, the grainy structure disappears and a new nano-porous surface is presented 

(Figure 2.1c). This dramatic change in structure is supposed to be caused by the oxidizing reaction 

with activation agents. This porous structure can provide large surface area and allow high 

adsorption rate. 

 

Figure 2.1. Optical (a) and SEM (b) images of the ground DDGS powder. (c) The powder after 

microwave-induced activation. 

2.3.2. Surface area and pore size distribution 

Surface area, pore size and pore size distribution of the DDGS-based ACs were calculated 

using Brunauer–Emmett–Teller (BET) theory and density functional theory (DFT).10 As shown in 

(a) (b) 

(c) 

(a) 
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Table 1, the ACs exhibit a wide range of specific surface areas (217-1035 m²/g) with the maximum 

value achieved under the condition of 800°C and 2:1 acid/DDGS ratio (i.e. sample AC-800-2). 

The results from Table 1 indicate that the development of porous structure is strongly affected by 

both the acid impregnation ratio and temperature. In general, high acid ratio leads to high surface 

area and there appears to be an optimal temperature for each acid ratio. The optimal temperature 

for impregnation ratio 1:1 is 500 - 600 °C, while for impregnation ratio 2:1 the largest surface area 

is achieved at 800 °C. This may be because with more activation agent, a higher temperature is 

needed for a complete reaction within the 20 min reaction time. After the reaction is completed, 

prolonged heating may enlarge the pores and therefore decrease the surface area. This explains the 

surface area decrease above 600 °C for the samples with 1:1 acid ratio. In order to study the effects 

of the surface area and pore size to dye adsorption and electrode capacitance, sample AC-600-1, 

AC-500-2 and AC-800-2 were chosen for further N2 adsorption–desorption analysis, MB 

adsorption tests and electrochemical property tests. These three representative samples have a 

specific surface area of 571.6, 823.5 and 1035.8 m2/g, respectively. The samples with smaller 

surface areas were not tested because of their expected low performance in adsorption and 

electrochemical tests.  
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Table 2.1. Surface areas of the ACs prepared under different conditions. 

Sample Acid/DDGS 

ratio 

Carbonization 

temperature 

BET surface 

area (m²/g) 

AC-400-1 1:1 400 221.4 

AC-500-1 1:1 500 574.8 

AC-600-1 1:1 600 571.6 

AC-700-1 1:1 700 302.9 

AC-800-1 1:1 800 217.9 

AC-400-2 2:1 400 824.4 

AC-500-2 2:1 500 823.5 

AC-600-2 2:1 600 389.4 

AC-700-2 2:1 700 893.3 

AC-800-2 2:1 800 1035.8 

 

The N2 adsorption-desorption isotherms of the three ACs (Figure 2.2) exhibit features of 

both type I and type IV isotherms according to the BDDT (Brunauer-Deming-Deming-Teller) 

classification,11 which suggests that the ACs contain well-developed micropores (< 2 nm) and 

mesopores (2–50 nm).12 It can be observed that at extremely low pressure (P/P0 near 0), the 

isotherms show drastic adoption and desorption, which is considered to be caused by the presence 

of ample micropores.13 Besides, the occurrences of hysteresis loop under relatively high pressure 

(0.5< P/P0 <1) indicate the existence of mesoporous structure.14 The adsorption and desorption 

isotherms coincide at low pressure (P/P0 < 0.5), suggesting that the uptake of nitrogen by the ACs 

materials with micropores is reversible.  
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Figure 2.2. N2 adsorption–desorption isotherms at 77 K.  

The microstructures of the three ACs were further investigated using the DFT theory. The 

pore volume distribution determined by the DFT theory is given in Table 2.2, which indicates 

distinctive behaviors of the three samples. Comparing AC-800-2 with AC-500-2 (because their 

total pore volumes are close), the former has a much larger concentration of micropores (pores < 

2 nm) and a smaller concentration of mesopores (2 nm < pores < 50 nm). Smaller pores give rise 

to larger surface areas when the volumes are equal, which explains AC-800-2’s larger surface area. 

Previous research shows that micropores develop better at a higher heating rate and as a result, the 

micropore volume and the specific surface area increase.15,16 The heating rate is high in this study 

due to the use of microwave heating, thus facilitating the creation of micropores in general. The 

higher acid/DDGS ratio in AC-800-2 caused a larger scale of acid-carbon reaction during the 

activation process, and therefore more micropores were created. 



 

69 

Table 2.2. Pore volume distributions of the three ACs based on DFT analysis.  

Sample Pore volume, volume percentage (cm³/g, %) 

< 2 nm 2 – 10 

nm 

10 – 50 

nm 

> 50 nm Total 

AC-600-1 0.176 

58.2% 

0.060 

19.7% 

0.063 

20.8% 

0.004 

1.4% 

0.304 

100% 

AC-500-2 0.153 

27.7% 

0.223 

40.2% 

0.159 

28.8% 

0.019 

3.3% 

0.554 

100% 

AC-800-2 0.299 

58.9% 

0.165 

32.4% 

0.040 

8.1% 

0.002 

0.5% 

0.506 

100% 

 

The pore size distribution diagrams of the three ACs are shown in Figure 2.3, which agree 

with the pore characteristics given by Table 2.2. It is obvious that AC-500-2 has substantially 

higher distribution in the mesopore region than the other two samples. This higher distribution also 

corresponds closely to the larger isotherm hysteresis loop of AC-500-2 (Figure 2.2). The inset of 

Figure 2.3 shows the distribution of the pores within the 5 nm range, which clearly indicates higher 

concentrations of the micropores (especially those below 1 nm) in AC-600-1 and AC-800-2. The 

different surface areas and pore size distributions of the three ACs are expected to cause different 

results in dye removal and electrochemical tests, as is discussed below.  
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Figure 2.3. Pore size distribution from DFT analysis of the three samples. The inset shows the 

distribution below 5 nm. 

2.3.3. MB adsorption 

Figure 2.4 shows MB adsorption ratio as a function of adsorption time for the three ACs. 

All the samples show high-rate adsorption within the first 30 minutes, followed by second-stage 

low-rate adsorption and eventual equilibrium at the end of the experiments. Clearly, the adsorption 

capacity (i.e. the adsorption ratio at equilibrium) increases with increasing surface area of the ACs 

because more surface area is available for dye molecule absorption.  
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Figure 2.4. MB adsorption as a function of time for the three ACs. 

Several thermodynamic models have been used to simulate the adsorption process and they 

can offer important process information (e.g. equilibrium concentration) when the equilibrium is 

reached.17 On the contrary, a kinetics analysis focuses on the changes in chemical properties with 

time as well as the rates of the changes. A pseudo-first-order kinetic model was used in this study 

to further understand the adsorption behavior of the ACs. In this model the mass action rate of a 

chemical phenomenon and the diffusion through a boundary liquid film assume the pseudo-first-

order rate equation devised by Lagergren,18 

log(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔𝑞𝑒 − 𝑘𝑡 

where qe and qt are the amounts of dye adsorbed at time t  and at equilibrium, 

respectively.19 k is the pseudo-first-order rate constant of adsorption. As shown in Figure 2.5, the 

plots of log(𝑞𝑒 − 𝑞𝑡) versus time for the three ACs exhibit relatively linear relationships, and this 

linearity confirms that the adsorption process is governed by the first-order kinetics. Figure 2.5 
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demonstrates the applicability of the pseudo-first-order kinetic model and therefore it can be used 

to predict ACs’ adsorption behavior. The |𝑘| values for the three ACs follow the order of AC-800-

2 > AC-500-2 > AC-600-1, which agrees with the adsorption rate/capacity results given in Figure 

2.4. 

 

Figure 2.5. Pseudo-first-order kinetic model simulation for the MB adsorption of the ACs. 

2.3.4. Electrochemical analysis 

Figure 2.6 shows the CV plots of the electrodes made with the three ACs. The scan rate 

was set at 10mV/s for all the tests. The near-rectangular shape of the CV curves indicates a well-

defined EDLC behavior. The table inset in Figure 2.6 shows that despite the fact that sample AC-

800-2 has the largest surface area, it only exhibits a medium specific capacitance. Although large 

surface area is generally considered to benefit the specific capacitance, pore size and its 

distribution play equally, if not more, important roles in determining the capacitance (and so the 
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energy storage capability) of an electrode. Indeed, some studies have shown that the ACs with 

small pore size and narrow pore size distribution tend to have reduced specific capacitance.20 

During the charge/discharge process, micropores primarily act as the ion traps for charge storage 

while the mesopores play dual roles: offering surface for ion adsorption and forming pathways for 

ion transport21. Both micropores and mesopores are critical in achieving large capacitance and 

high-energy storage. Comparing AC-800-2 with AC-500-2, the former has larger total surface area 

but much smaller percentage of mesopores (Table 2). This smaller percentage can lead to lack of 

adequate pathways for ion transport, thus hindering the charge/discharge process. As a result, the 

capacitance of AC-800-2 is reduced. 

 

Figure 2.6. CV plots of the three ACs at the scan rate 10 mV/s. The inset gives the surface area 

and capacitance calculated based on the plots for the three samples. 

To study the electrochemical properties of the electrodes under different scan rates and 

current densities, AC-500-2 (the sample with the highest capacitance) was chosen for further 
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characterization. Figure 2.7a shows its CV curves under twelve different scan rates (up to 

100mV/s) in 6M KOH aqueous solutions. A quasi-rectangular shape for a CV curve indicates a 

perfect electrical double-layer capacitance performance with fast charge/discharge rates. The 

Figure 2.7a demonstrates that the curves of AC-500-2 can retain their quasi-rectangular shapes 

relatively well up to 50 mV/s, indicating the electrode’s pure EDLC behavior and its capability to 

rapidly forming the double-layer even at high scan rates. The CV plots do severely deviate from 

their original quasi-rectangular shapes at very high scan rates (> 50 mV/s) and their corresponding 

capacitances decrease as a result (Figure 2.7b). The decrease is considered to be caused by the 

nonzero time constant and elevated transient current, which lead to a longer charge/discharge time 

and thus the deviations.22 Specific capacitance of the electrode can be calculated based on the plots 

using the equation 𝐶𝑠𝑝 =
∫ 𝑖𝑑𝑢

2𝑤Δ𝑉
. Depending on the scan rate, the capacitance values ranging from 

120 to 210 F/g are obtained, with the highest one being achieved at the scan rate of 5 mV/s.23, 24 
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Figure 2.7. (a) CV plots of AC-500-2 at different scan rates. (b) Specific capacitance vs. scan 

rate of AC-500-2. (c) CCD plots for AC-500-2 at different current densities. (d) Specific 

capacitance vs. current density for the same sample. 

Cyclic charge/discharge (CCD) experiments were performed at different current densities 

(0.25 - 5.0 A/g) in order to assess the energy and power characteristics of the DDGS-based 

electrodes (Figure 2.7c). The results reveal that the potential–time curves for all the current 

densities are isosceles triangles, indicating ideal EDLC behavior, which confirms the results 

obtained by cyclic voltammetry. Moreover, no discernible internal resistance (IR) drop can be 

found on both the charge and discharge curves at even the highest current density, suggesting low 

energy dissipation of the capacitor. The capacitances calculated from the CCD tests are in good 

accordance with the values derived from the CV tests, ranging from 217 to 150 F/g with the 

maximum acquired at the current density of 0.25 A/g. As shown by the Figure 2.7d, Csp of the 
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electrode decreases slightly with increasing current density, which can be explained by the fact 

that at low current densities the electrolyte ions have adequate time to diffuse into the nano-sized 

pores in the electrode, while at high current densities the process of diffusion cannot be done 

completely and hence a decrease in the corresponding capacitance is resulted. 

The DDGS-based electrodes also show excellent durability. In Figure 2.8a after 1000 

cycles of charge–discharge at current density of 1 A/g, the system still retains nearly 99% of its 

initial capacitance, showing that the material has great stability even at strong alkali environments. 

 

Figure 2.8. (a) Capacitance retention over 1000 cycles. (b) Ragone plot at different current 

densities. (c) Nyquist plot of the working electrode. (d) Bode plot of the working electrode. All 

the results are for AC-500-2. 

Ragone plots are widely used to evaluate the performance of energy storage devices by 

plotting energy density versus power density.25 To investigate the practical function of the 
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prepared electrodes, the energy density and power density were calculated at different current 

densities according to the equations 𝐷𝑒 =
1

2
𝐶𝑠𝑝(Δ𝑉)2 and 𝐷𝑝 =

𝐷𝑒

Δ𝑡
 and the results are plotted in 

Figure 2.8b, which shows that the working electrode exhibits high power densities up to 2500 

W/Kg. As a comparison, conventional batteries such as lithium ion batteries can currently reach a 

power density around 100 W/Kg.26 This large difference is caused by their different energy storage 

mechanisms. EDLCs have the advantages of high power density and rapid charge/discharge due 

to the reason that the energy stored in a capacitor is by the form of electron field instead of chemical 

reactions, and the mobility of electrons is much larger than that of lithium ions or any other redox 

couples. 

The electrochemical impedance spectroscopy (EIS) analysis provides additional evaluation 

on EDLCs’ electrochemical performance, such as its frequency dependence and equivalent series 

resistance (ESR). It is one of the principal methods used for EDLC testing. The EIS analysis in 

this study was carried out from 0.01 Hz to 105 Hz at open circuit potential with a perturbation of 

5 mV. As shown by the complex-plane (Nyquist) impedance plot presented in Figure 2.8c, the 

impedance spectrum is composed of a semicircle section with a small radius in the high-frequency 

region, followed by a straight line in the low-frequency region. At low frequencies, the spectrum 

approaches 90° with respect to the real axis due to the strong capacitive behavior of the electrode. 

The spectrum intersects with the real axis at a ~45° angle at high frequencies. This type of spectrum 

can be explained by a series resistor-capacitor (RC) model in which an ideal capacitor is connected 

with a serial resistance (ESR). In the impedance phase angle - frequency plot (Bode plot, Figure 

2.8d), at low frequencies, the working electrode behaves like an ideal capacitor with a phase angle 

near 90°, but at high frequencies, the resistive component dominates and the phase angle is reduced 

to nearly 10°, which renders the working electrode resistor-like behavior. This phenomenon is 
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considered to be caused by reduced pore penetration depth at high frequencies, which results in 

less fraction of pores taking part in the charge/discharge process.27 

2.3.5. Pseudocapacitance of the DDGS-based ACs 

MnO2 is widely recognized as one of the most suitable materials to make electrodes with 

high pseudocapacitance because of its high theoretical specific capacitance (1370 F/g),28 low cost 

and low environmental impact.29 Pseudocapacitance is based on the Faradaic redox reactions 

during charging/discharging processes, which often result in a specific capacitance several times 

higher than that of electrostatic double-layer capacitance. The mechanism of the redox 

reaction/charge storage for MnO2 can be described as follows:28 

(𝑀𝑛𝑂2)  +  𝐶+  + 𝑒−  ↔  (𝑀𝑛𝑂2𝐶)  

where C+ denotes electrolyte cations such as Li+, Na+, K+. The specific capacitance of 

the DDGS-based ACs in this study was further increased by in-situ synthesis of MnO2 during AC 

production. The MnO2 was formed by the reaction between carbon and KMnO4, which can be 

described as follows in a pH neutral solution:30 

4𝑀𝑛𝑂4
− + 3𝐶 + 𝐻2𝑂 = 4𝑀𝑛𝑂2 + 𝐶𝑂3

2− + 2𝐻𝐶𝑂3
− 

In Figure 2.9a the formed MnO2 particles are seen widely distributed on the surface of 

ACs.  The energy dispersive X-ray spectroscopy (EDS) results confirms the existence of Mn 

(Figure 2.9b). The CV and CCD test results for the AC/ MnO2 electrode under different voltage 

scan rates and current rates are shown in Figures 2.9c and 2.9d, respectively. Based on the two 

Figures, the highest specific capacitance was calculated to be 296.8 F/g (at 10 mV/s) from the CV 

test and 285.7 F/g (at 1 A/g) from the CCD test. These values are about 1/3 higher than those of 

the pure ACs, highlighting the significant contribution from the pseudocapacitive behavior of 



 

79 

MnO2. It should be pointed out that noticeable IR drops can be observed from Figure 2.9d, which 

is most likely due to the relatively low electrical conductivity of MnO2.
29 

 

Figure 2.9. (a) SEM picture of in-situ synthesized MnO2 particles on AC. (b) EDS counts on a 

selected area of the SEM. (c) CV plots of AC/MnO2 electrode at different scan rates. (d) CCD 

plots for AC/MnO2 at different current densities. Arrows indicate the IR drops when the current 

direction changes. 

2.4. Conclusion 

In this research, we developed a one-step facile method to produce 3D porous ACs from 

DDGS using a microwave-assisted chemical activation method. The surface area of the obtained 

ACs varied from several hundreds to the maximum of nearly 1036 m2/g, depending on the acid 

ratio and the activation temperature. Pore size analysis found that the ACs contained large fraction 

of micropores. MB adsorption tests showed that the adsorption capacity of the ACs was 

proportional to their surface areas, with the highest being 477 mg/g for the 1036 m2/g surface area. 

The EDLCs based on the DDGS-based ACs exhibited excellent electrochemical performance and 



 

80 

stability. The specific capacitances ranging from 120 to 210 F/g were achieved and the electrode 

showed minimal degradation after 1000 charge/discharge cycles. The specific capacitance can be 

further improved up to nearly 300 F/g by forming AC/MnO2 composite with pseudocapacitance 

behavior. The adsorption and electrochemical test results indicated that the adsorption capacity 

was determined by the total surface area of the ACs, while the capacitance was critically controlled 

by both the surface area and the pore size distribution. This study demonstrated the potentials of 

DDGS in environmental remediation and energy storage applications. 
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3. ROLES OF GRAPHENE OXIDE IN HYDROTHERMAL CARBONIZATION AND 

MICROWAVE IRRADIATION OF DDGS TO PRODUCE SUPERCAPACITOR 

ELECTRODES 

3.1. Introduction 

Activated carbon (AC) has been widely used for the preparation of electrodes of 

supercapacitors for a long time. The microstructure and electrochemical properties of AC depend 

mainly on the origins of its precursors and the preparation methods. AC is traditionally produced 

from nonrenewable coal and peat; biomass such as coconut shell and wood are also used as 

alternative precursors for AC production. The latter has the advantages of being renewable and 

largely CO2 neutral, and therefore has attracted more research interest than the former in recent 

years. Different biomass materials have been studied for their suitability as AC precursors; process 

conditions and the resultant microstructure, morphology and electrochemical properties of the 

produced AC have been investigated.1-3 Distiller's dried grains with solubles (DDGS), a residual 

from the corn ethanol industry, is one of the abundant agricultural byproducts that lack high value 

industrial applications.4 Carbonization of DDGS to produce high-value carbon materials is a new 

route to create bio-based energy storage materials and to increase the profit of the corn industry.5 

In this chapter, a facile method to produce DDGS-based carbonaceous materials using HTC 

method was developed. Graphene oxide (GO) was added to DDGS to facilitate its carbonization 

and microwave irradiation was applied to the materials after HTC to reduce GO and promote the 

formation of highly conductive graphitic carbon. The obtained materials were made into electrodes 

and their electrochemical properties were tested. This research shows that the GO- and microwave-

assisted HTC method is an effective way to carbonize biomass and the produced carbon materials 

are promising electrode materials for energy storage devices. 
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3.2. Experimental section 

3.2.1. Materials and instruments 

DDGS from Tharaldson Ethanol Plant (Casselton, North Dakota) was ground into powder 

and sieved through a 0.5 mm screen. Hydrothermal autoclave reactor (CIT-HTC230-V50) was 

purchased from Col-Int Tech. Potassium hydroxide (KOH, Sigma-Aldrich, reagent grade) was 

used as the activation agent, and the activation process was carried out using a microwave furnace 

(CEM MAS 7000, maximum power 1400 W) under a nitrogen flow of 1 L/min. Single layer 

graphene oxide dispersion (GO, 10 mg/ml) was purchased from ACS Material, LLC. Conductive 

carbon black (TIMCAL SUPER C45), polyvinylidene fluoride (PVDF) binder and N-methyl-2-

pyrrolidone (NMP) were purchased from MTI Corporation. All the chemicals in this study were 

used without further purification. A commercial kitchen microwave (Panasonic NN-T945SF, 

maximum power 1250 W) was used to further treat the samples. A commercial supercapacitor 

with activated carbon electrodes (Maxwell Technologies Inc., manufacturer part number 

BCAP0100 P270 T01) was purchased from Digi-Key Electronics for performance comparison test.  

3.2.2. Synthesis of AC from DDGS by HTC method 

The scheme of the synthesis process is shown in Figure 3.1. The process includes three 

main steps: HTC, hydrochar activation, and final carbonization and reduction. In HTC, 15 g DDGS 

was mixed with 25 g distilled water and 2 g GO dispersion (10 mg/ml) was then added. The 

mixture was stirred continuously until a homogeneous suspension was formed. 30 g of the 

suspension was carefully added into the Teflon container of the autoclave (about 80% of the 

container’s volume) and the autoclave was securely sealed. The autoclave was then heated at 

200 °C for 18 h for hydrothermal carbonization of the DDGS. The autoclave was cooled down to 

room temperature naturally at the end of the process and black carbonaceous hydrochar was 
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obtained. In the activation process, 10 g of the hydrochar was first mixed with KOH at 1:1 mass 

ratio by milling in a mortar; 15 g distilled water was then added and the mixture was stirred to 

form a paste; The paste was put into the CEM microwave furnace and heated at 600 °C for 20 min 

under a 1000 mL/min constant nitrogen flow. The produced AC was washed using deionized water 

until the pH of the effluent was neutral. In the last step, the dried AC was sealed in a vial filled 

with argon gas and the vial was put in the Panasonic kitchen microwave and heated for 30 s at 

1200 W to reduce the GO and graphitize the AC. To explore the carbonization effects of direct 

microwave irradiation on the hydrochar, the hydrochar before the KOH activation was also treated 

using the kitchen microwave under the same condition. For comparison, DDGS was also 

carbonized and activated using the exact same procedure without the assistance of GO. 

 

Figure 3.1. Schematic diagram of hydrothermal carbonization and direct microwave irradiation 

of DDGS and its application as electrodes for supercapacitors. 

The surface morphology and the internal structure of the produced AC were studied using 

scanning electron microscopy (SEM, JEOL JSM-6490LV) and transmission electron microscopy 

(TEM, JEOL JEM-2100), respectively. Raman measurements were performed using a Nicolet 
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NXR 9650 FT-Raman spectrometer. X-ray powder diffraction (XRD) analysis was performed on 

a Phillips X'Pert MPD Powder X-ray Diffractometer. The X-ray used was the Kα radiation 

(λ=0.1541841 nm) generated from copper at 40 kV and 80 mA. X-ray photoelectron microscopy 

(XPS) was performed using Thermo Scientific’s K-AlphaTM X-ray Photoelectron Spectrometer 

system. Fourier transform infrared (FTIR) spectroscopy was performed using a Thermo Scientific 

Nicolet 8700 FT-IR spectrometer. The KBr pellet method was used and each sample was scanned 

32 times at a resolution of 4 cm-1. To measure the electrical conductivity of the AC powder, 0.1g 

of the powder was compressed in a circular die (ϕ 20 mm) using a hydraulic press at a pressure of 

10 MPa. The formed thin disc was then placed in a test cell (EQ-STC split-able test cell, MTI 

Corporation) for conductivity measurement using a digital multimeter (MASTECH MS8050). The 

surface area and pore size distribution of the AC were tested using a TriStar II 3020 Automatic 

Analyzer. The samples were degassed at 150 °C in vacuum overnight, and adsorption/desorption 

isotherms were taken at 77K using nitrogen as the analysis adsorptive gas. 

3.2.3. Electrode preparation and electrochemical tests 

To prepare the supercapacitor electrodes, the produced AC was mixed and ground with 

conductive carbon black and PVDF (80:10:10 by weight) in a mortar; NMP was added to the 

mixtures and pastes were formed after stirring; the pastes were then coated onto nickel foam 

current collectors and dried in a vacuum oven overnight at 75 °C to remove NMP; the dried foams 

were pressed under a 10 MPa pressure to ensure good electrical contacts between the AC and the 

current collectors. The mass loading of the active materials on the electrodes was around 3 mg/cm2. 

For comparison, electrodes were also prepared under the same condition using the AC removed 

from the Maxwell supercapacitor. The AC was scraped off from the metal foil of the capacitor and 
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then dispersed in NMP to form a paste. The rest of the procedure was identical to the one described 

above. 

All electrochemical tests were performed using a Reference 600 (Gamry Instruments) 

potentiostat/galvanostat at room temperature. A three-electrode cell was used for the 

electrochemical test with a graphite rod as the counter electrode, saturated calomel electrode as the 

reference electrode, and 1M sodium sulfate solution as the electrolyte. Electrochemical 

performances of the electrodes were tested using cyclic voltammetry (CV), cyclic charge-

discharge (CCD) and electrochemical impedance spectroscopy (EIS). The CV tests were 

performed at different scan rates (10~50 mV/s) between 0 and 0.8 V; the CCD tests were carried 

out at current densities ranging from 1 A/g to 5 A/g within a voltage window between 0 V and 0.8 

V; EIS tests were carried out from 105 Hz to 0.01 Hz with a 5 mV amplitude versus the open 

circuit potential. 

The specific capacitance (Csp) of a single electrode was calculated by the following 

equation: 

𝐶𝑠𝑝 =
𝐼Δ𝑡

𝑤Δ𝑉
 

where I is the constant current during the charge/discharge process, w is the total mass of the 

carbon electrodes, ∆t is the time for a full discharging process and ∆V is the voltage window in 

the CCD test. 

The energy density (De) and power density (Dp) of the electrodes were calculated based 

on the CCD test results using the following equation: 

𝐷𝑒 =
1

2
𝐶𝑠𝑝(Δ𝑉)2 

𝐷𝑝 =
𝐷𝑒

Δ𝑡
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To test the cyclic stability of the electrodes, the CCD test are conducted at a high current 

density of 5 A/g for 1500 cycles, and the capacitance of the electrodes calculated every 100 cycles. 

3.3. Results and discussion 

The previous research in chapter 2 shows that the AC produced from DDGS using only 

microwave furnace activation exhibits spherical structures with relatively smooth surfaces.5 Other 

studies about HTC indicate that micron-sized spherical carbon particles are typically formed using 

the HTC method.6-8 The GO-assisted HTC treatment used in this study, however, obviously has a 

large impact on the microstructure of the formed hydrochar, which shows a large number of flakes 

with a thickness around 40 nm (Figures 3.2a and 3.2b).  By contrast, the hydrochar produced under 

the same HTC condition but without adding GO exhibits an ordinary micro-spherical structure 

(Figures 3.2c and 3.2d). Considering the thickness of a single layer graphene oxide sheet is only 

around 1 nm, the much-thicker flakes were most likely formed by a deposition process on the GO 

substrates.  

Micro/nano sized hydrocarbon spheres can be formed through two routes in HTC.9 First, 

the fibrous cellulose network of biomass can be disrupted and nano/micro sized cellulose 

fragments are formed as a result. These fragments form spherical envelopes to minimize their 

contact with the surrounding water. The cellulose inside undergoes intramolecular condensation, 

dehydration and decarboxylation reactions, producing hydrochar composed of extensive aromatic 

networks. Second, various carbohydrates in the biomass can be broken down into glucoses and 

dissolve in water. The glucoses then undergo a series of dehydration (hydroxymethylfurfural is 

formed), polymerization and aromatization reactions. The polymerization of 

hydroxymethylfurfural (HMF) leads to particle nucleation and growth; aromatization of the 

polymerized HMF (p-HMF) is followed and eventually it leads to the formation spherical 



 

89 

carbonaceous particles. When GO is added, its oxygenated surface can attract the cellulose 

fragments and nucleate the growing p-HMF chains. Either way hydrocarbon will be deposited on 

the surface of GO and this deposition process eventually produces hydrochar flakes as shown in 

Figures 3.2a and 3.2b. In addition, it is also possible that the graphitic surface of GO and its 

oxygenated surface groups catalyzes carbonization of DDGS and promotes carbon growth on the 

GO surfaces.6, 10 The flakes produced by this template-guided process exhibit large surface area 

due to the two-dimensional, high-surface/volume-ratio structure of the GO sheets, which is 

beneficial to the electrochemical performance of the electrodes that is made from these flakes, as 

will be discussed later. Compared with Figures 3.2a and 3.2b, the SEM images of the DDGS 

treated by HTC without using GO (Figures 3.2c and 3.2d) show spherical micro-grains with 

relatively smooth surface, which is similar to the DDGS without HTC treatment.5 These 

experiments confirm that through the addition of only a small amount of GO solution, the 

morphology after HTC treatment can be significantly changed. 
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Figure 3.2. SEM images of the hydrochar produced from DDGS using HTC. (a) and (b) GO-

assisted HTC. (c) and (d) HTC without GO under the same condition. 

Previous researches show that GO can be reduced by being exposed to microwave 

irradiation in a kitchen microwave for a short period of time (~1 min).11-14 Absorption of 

microwave by GO leads to extremely high temperature, which removes the oxygenated functional 

groups on GO and graphitizes the disordered carbon, and consequently restores high conductivity 

of graphene.15 In this study, the hydrochar before and after KOH activation was both treated using 

direct microwave irradiation. The char was completely dried and sealed in a vial filled with argon 

gas, and was treated by the kitchen microwave for 30 s. For the char before the activation, sporadic 

sparking occurred several seconds after the microwave was turned on, and some smog was 

generated in the sealed container. The sparking was due to the presence of GO in the char and the 
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smoke was produced from the hot spots surrounding the GO. Due to the extremely low 

concentration of GO in the char, no large scale thermal activities were observed. The result shows 

that electrical conductivity of the HTC-carbonized hydrochar is low because a significant amount 

of its carbon still exists as non-conductive carbon or carbon compounds despite markedly lowered 

oxygen and hydrogen contents in the material after HTC. By contrast, for the char after the 

activation, violent sparking was observed almost immediately after the irradiation was started. The 

temperature increased significantly and the entire sample started glowing red. The hydrochar was 

activated at 600 oC for 20 min. The degree of carbonization of the hydrochar was further increased 

during this process by removing most of the non-carbon elements. Therefore, the electrical 

conductivity of the material after the activation was much higher. Under microwave, this material 

generated high intensity heat, leading to graphitization of carbon and thermal reduction of GO, i.e., 

deoxygenation and reordering of the graphene basal plane,11, 16 which can be detected using XRD 

and Raman. Because the first treatment method (i.e., without the KOH activation) had only 

negligible effects on the material, the samples discussed below all underwent the second method 

(i.e., KOH activation followed by microwave irradiation).  

The XRD patterns of the activated hydrochar before and after microwave reduction are 

shown in Figure 3.3a. Before the reduction, the (002) peak of graphite at around 25° can be 

observed. However, compared with the sharp (002) peak of natural graphite, the corresponding 

peak of the hydrochar is broad and weak, indicating a low degree of crystallinity of the material.17, 

18 The hump at around 42° indicates short range order in stacked graphene layers.18-20 The fact that 

this hump turns into a stronger peak after microwave reduction indicates that the treated sample 

contains a higher content of graphene layers. This result is also confirmed by the Raman spectrum 

shown in Figure 3.3b. Both the D and G bands of the sample after the reduction are more 



 

92 

pronounced compared with those before the reduction because of increased degree of 

carbonization. The higher intensity of the G band than the D band also suggests that most 

oxygenated groups have been removed from GO by the reduction process and the treated sample 

contains a significant content of graphene layers.21 The ratio of the intensity of the D and G bands, 

which is often used to estimate the degree of disorder, was decreased from 1.1 to 0.6, suggesting 

a higher degree of graphitization after the microwave irradiation. Both the XRD and Raman results 

confirm that, through a short burst of microwave irradiation, the GO-assisted hydrochar can be 

further carbonized and GO can be reduced to pristine graphene, producing a carbon material with 

high electrical conductivity.  

The decrease in the oxygenated groups caused by microwave irradiation was also 

confirmed by the XPS and FTIR results. The XPS C1s spectra before and after the irradiation are 

compared in Figure 3.3c. It can be observed that the region between 286 and 289 eV, which 

represents the epoxide, hydroxyl, carboxyl groups, is decreased after the irradiation.12, 22 The 

atomic percentage of oxygen calculated by the XPS spectra shows that the content of oxygen 

decreases from 22.22% to 16.96% by the treatment. The FTIR spectra in Figure 3.3d show that the 

peaks for the oxygen-containing groups, i.e. C=O (1730 cm-1), C-O (1414 cm-1 and 1228 cm-1), 

and O-H (3400 cm-1), are attenuated significantly after the irradiation.13, 23 Both results indicate 

the reduction of GO. 
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Figure 3.3. XRD patterns (a), Raman spectra (b), XPS spectra (c) and FTIR results (d) of the 

GO-assisted, KOH-activated hydrochar before and after microwave irradiation. 

The morphology of the hydrochar changed dramatically after the chemical activation and 

the microwave irradiation, and a 3D porous carbon network was formed as shown in Figure 3.4. 

The relatively smooth surface shown in Figure 3.2 is now decorated with numerous interconnected 

pores measuring 100~1000 nm (Figures 3.4b and 3.4c). This dramatic morphology change is 

caused by the oxidizing reaction between carbon and the activation agent. Many activation 

mechanisms have been proposed to explain the KOH activation process. Otowa et al. proposed 

that when the temperature for activation was below 700 °C, several simultaneous/consecutive 

reactions happened as follows.24 

2KOH → K2O + H2O (dehydration) 

C + H2O → CO + H2 (water-gas reaction) 
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CO + H2O → CO2 + H2 (water-gas shift reaction) 

CO2 + K2O → K2CO3 (carbonate formation) 

According to this mechanism, KOH dehydrates and transforms into K2O at 400 °C, then 

the reaction of carbon and H2O causes the carbon to be partially consumed, forming a porous 

structure which is the typical character of AC. K2CO3 is formed by the reaction of K2O and CO2, 

and it can be removed by washing the AC continuously using DI water. It has been reported that 

the formation of K2CO3 was observed at about 400 °C, and all the KOH was completely consumed 

and transformed to K2CO3 around 600°C.25 Figure 3.4d shows that the final AC after the 

microwave irradiation possesses a hierarchical structure with pore size ranging from micrometer 

to nanometer. This interconnected 3D network can provide significant surface area, transportation 

pathways, and reservoirs for the electrolyte ions in a supercapacitor, which is necessary to achieve 

high energy storage performance. 
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Figure 3.4. SEM images taken at different magnifications for the DDGS-based AC after the 

KOH chemical activation and the microwave irradiation. 

TEM study was performed to determine the internal structure differences between the AC 

produced with and without using GO. The AC without GO presents an amorphous structure 

without showing any graphitic layers (Figure 3.5a). In contrast, the layered graphene planes, which 

align in different directions in different regions of the sample (i.e. a polycrystalline structure), can 

be observed in the AC with GO (Figures 3.5b). The interplanar distance of the graphene is 

estimated to be 0.34 nm (Figure 3.5b inset). The selected area electron diffraction (SAED) pattern 

shows three major diffraction rings (Figure 3.5c), which can be attributed to the (002), (101) and 

(112) planes of the stacked graphene layers.26 Several diffraction spots originated from single 

crystal diffraction are also visible in the Figure 3.5c. This diffraction pattern confirms the 

polycrystalline structure of the GO-containing AC. 
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Figure 3.5. (a) TEM images of the AC without GO. (b) TEM images of the AC with GO. The 

insert shows interplanar distance of the graphene layers. (c) SAED pattern of the AC with GO, 

showing mostly a polycrystalline structure. 

The N2 adsorption–desorption isotherms of the AC prepared with and without GO are 

compared in Figure 3.6a. Both curves can be characterized as type II isotherms according to the 

BDDT (Brunauer–Deming–Deming–Teller) classification.27 The isotherms are S-shaped and they 

represent standard form of multilayer isotherms.28 The fast increase in adsorbed volume at the 

initial region (P/P0<0.2) on the adsorption curves indicates the presence of a large amount of 

micropores.29 The intermediate region is relatively flat and it corresponds to monolayer adsorption, 

and the last increasing region reflects multilayer adsorption. The hysteresis loops are attributed to 
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the existence of mesoporous structure. The surface area for the AC with and without GO were 

calculated to be 479.1543 m²/g and 432.4943 m²/g, respectively. It should be noted that due to a 

relatively low activation temperature (600°C) used in the experiments, the surface area is not as 

large as those reported by other groups. Higher temperature can facilitate the development of 

porous structure, which can further increase the surface area of AC.5 The pore size distribution 

(Figure 3.6b) was calculated based on the BJH theory. For both samples, the sizes of most of the 

pores are within the micropore region (i.e. < 2 nm). The average pore width for both samples is 

around 2.9 nm. 

 

Figure 3.6. N2 adsorption–desorption results at 77 K for the AC with and without GO. (a) 

Isotherms. (b) Pore volume distributions based on BJH analysis. 

CV, CCD and EIS tests were conducted in 1 M Na2SO4 aqueous solution to study the 

electrochemical properties of the electrodes fabricated using the produced AC. The CV tests were 

conducted by sweeping the voltage linearly from 0 to 0.8 V versus a saturated calomel reference 

electrode. It can be observed from Figure 3.7a that the CV curves at low scan rates (10 and 20 

mV/s) show a near-rectangular shape, indicating an electric double-layer capacitors behavior with 

good rate performance. The shape of the CV curves deviates from the quasi-rectangular shape at 

high scan rates due to the existence of resistances between electrodes and electrolyte. 
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The CCD results at different current densities (1~5 A/g) are shown in Figure 3.7b. Both 

the charge and discharge curves are highly linear and the charge/discharge curves are almost 

symmetrical. The value of specific capacitance is 101.5 F/g at 1 A/g, and it decreases to 70.1 F/g 

at 5 A/g (Figure 3.7c). This decrease is common among many studies and it can be attributed to 

insufficient ion transport and adsorption and high IR drop under high current densities.30-32 The 

CCD curves demonstrate the supercapacitors have excellent electrochemical reversibility and high 

Coulombic efficiency. The IR drop at a high current density reflects the intrinsic resistance of the 

active material.  

EIS analysis was carried out within a frequency range from 0.01 Hz to 100k Hz. The 

Nyquist plot, i.e. the imaginary part (Z′) of the impedance vs. the real part (Z″) of the impedance, 

is shown in Figure 3.7d. The intercept on the real axis represents the equivalent series resistance 

(ESR), which represents the effect of the intrinsic active material resistance, the ionic resistance 

of the electrolyte and the contact resistance at the active material/current collector interface. The 

inset in Figure 3.7d reveals an ESR of ~4.2 Ω, which can be ascribed to the influence of the 

insulating binder material (PVDF) used during the electrode fabrication. The ESR also explains 

the IR drop at the beginning of discharge process at the CCD experiments. A relatively short line 

with a 45° angle to the real axis at high frequencies was observed, which is called Warburg region 

and is related to the diffusion of the ions into the bulk of electrodes.33 At low frequencies region, 

the curve becomes almost vertical to the real axis, indicating ideal capacitive behavior. The semi-

circle near the real axis at high frequency represents the charge transfer resistance (Rct) at the 

electrode/electrolyte interface.34 Based on the Nyquist plot, the as-prepared electrodes show an 

Rct around 2 Ω, which is common for porous electrodes.35 The inset of Figure 3.7c shows an 

equivalent circuit for the EIS data, where Rs is the bulk solution resistance, Ccl represents the 
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double layer capacitance, Rct is the charge transfer resistance, W is the Warburg impedance 

resulted from the diffusion of ions, and Cl is the limit pseudocapacitor caused by the residual 

heteroatoms of the HTC process.36, 37 

The impedance phase angle dependence on frequency (Bode plot) is presented in Figure 

3.7e. It can be observed that at low frequencies, the working electrode shows a near 90° phase 

angle, which is the behavior of an ideal capacitor. At high frequencies, however, the phase angle 

is reduced to nearly 10°, indicating that the supercapacitor behaves like a pure resistor. This is 

because at high frequencies, electrolyte ions can hardly penetrate into micropores of the electrodes, 

which can dramatically reduce the specific capacitance.38 Furthermore, the electrodes also show 

excellent cyclic durability as shown in Figure 3.7f. The capacitance retention is around 92.3% of 

the original value even after 5000 charge/discharge cycles at a high current density of 5 A/g, 

indicating good stability at high current densities.  
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Figure 3.7. Electrochemical test results of the electrodes made from the DDGS-based AC 

produced through consecutive HTC-KOH activation-microwave irradiation processes. (a) CV 

curves at various scan rates. (b) Cyclic charge/discharge curves at different current densities (c) 

Specific capacitance vs. current density ranging from 1 to 5 A/g. The inset shows an equivalent 

circuit that fits the EIS data. (d) Nyquist plot of the EIS data. (e) Bode plot of the EIS data. (f) 

Capacitance retention over 5000 cycles at 5 A/g. 

The Ragone plot, which shows the energy densities versus the power densities at different 

current densities, is presented in Figure 3.8. The plot shows that the electrode exhibits high power 

densities up to 4000 W/Kg and high energy densities near 9 Wh/Kg. Based on the electrochemical 
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tests, it can be concluded that the electrode has high energy densities, excellent cyclability and fast 

charge/discharge process, which meet the demand of the electrochemical performances of a typical 

supercapacitor.39, 40 

 

Figure 3.8. Ragone plot at different current densities for the DDGS-based electrodes. 

All the afore-discussed results are based on the samples that contain GO to promote 

biomass carbonization and graphitization. Aside from the evidences from the microscope and 

spectroscopy studies, the importance of GO can also be shown through electrochemical tests. 

DDGS without GO was converted into AC following the exact same procedure and the product 

was subjected to CCD and EIS tests, whose results are compared with those for the samples 

containing GO in Figures 3.9a and 3.9b, respectively. The conductivity measurement results show 

that the areal electrical resistivity of the AC with and without GO is 3.13 Ω/cm2 and 5.51 Ω/cm2, 

respectively. The conductivity increase due to the GO addition is also reflected by the decreases 

in the IR drop (Figure 3.9a) and in the ESR (Figure 3.9b), which both are attributed to the higher 

conductivity imparted by a higher degree of biomass carbonization and graphitization that is 
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facilitated by GO. The electrode containing GO also shows longer charge and discharge time, 

indicating a larger specific capacitance (54.4% higher) compared with the electrode without GO 

(Figure 3.9a). The CCD and EIS results of the AC from the commercial supercapacitor are also 

shown in Figure 3.9 for comparison. The AC produced in this study possess significantly larger 

capacitance than the commercial one (23.6 F/g). This result demonstrates that the AC produced 

using HTC treatment and microwave irradiation is a promising electrode material for 

supercapacitors. 

 

Figure 3.9. Electrochemical properties of the AC with and without GO and the commercial AC. 

(a) CCD curves at 1 A/g. (b) EIS curves in the high frequency region. 

3.4. Conclusion 

In summary, a facile GO-assisted HTC and microwave irradiation process was developed 

to convert DDGS into supercapacitor-ready AC. GO was shown to play an important role in 

increasing the electrochemical properties of the produced AC. It changed the shape of the 

hydrochar particles from spheres to flakes by serving as a carbonization template. It absorbed 

microwave irradiation to create high temperature for carbonization and graphitization. The final 

microwave irradiation was proved to be a highly effective method to rapidly increase the degree 

of carbonization and graphitization of the hydrochar. This study shows that direct carbonization of 

IR drop 

ESR 

(a) (b) 
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wet DDGS (or other biomass) using HTC followed by microwave irradiation represents a highly 

energy-efficient method to produce high value carbon materials. 
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4. THE APPLICATION OF CARBON NANOPARTICLES/POLYANILINE ELECTRODE 

AND ITS COMPARATIVE STUDY WITH CNPS/MNO2 IN SUPERCAPACITORS 

4.1. Introduction 

The combustion process of a hydrocarbon material is a complicated process that involves 

the decomposition of long-chain hydrocarbons during the initial stage, followed by the formation 

of C2, C3, C2H2 and other small radicals. The formation of C-H containing graphitic fragments and 

dense carbon clusters (e.g. carbon nanoparticles (CNPs)) leads to the complex carbonaceous 

structures in heavy soot.1 Due to incomplete combustion of fossil fuels, CNPs are unavoidably 

generated during the combustion process and these ultra-fine particles are generally emitted into 

air,2 accounting for a significant source of air pollution.3, 4 On the other hand, the CNPs generated 

in the combustion process can be conveniently collected by placing noncombustible substrates, 

such as carbon fabrics,5 anodic aluminum oxide films1 or glass slides,6 over the flame. Carbon 

quantum dots, a promising candidate for carbon materials with unique properties, can also be 

produced using this facile and low-cost way, which has attracted increasing attention recently.7 

The as-formed CNPs generally have a spherical shape and pile up loosely on the substrates, 

forming a porous, fractal-like network structure with a large specific surface area.8 The diameter 

of a single CNP typically ranges from 10 to 50 nm, which is similar to the pore size of the network. 

CNPs have been widely investigated for their application as a detector for the identification of 

highly toxic contaminants such as heavy metal ions Hg2+ and Ag+.9, 10 CNPs have been used as a 

low-cost and effective fluorescent sensing platform for Ag+ detection both in pure buffer and real 

samples. They exhibit a lower detection limit (500 ppm) compared to that of previously reported 

single-walled carbon nanotubes (SWCNT) and graphene oxide (GO) sensing platforms.11 In the 

field of bio-nanotechnology, CNPs are recognized as a class of novel fluorescent nanomaterials 
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with multi-color fluorescence and excellent photostability in various pH conditions.12, 13 The 

unique interconnected 3D structure of CNPs can be used as a template for making 

superamphiphobic coatings.14-16 This structure is also suitable for supercapacitor applications, 

featuring a relatively high specific capacitance and a high cycle stability due to the ease of ion 

transportation in the structure.6 

Electrochemical capacitors (ECs) (also widely known as supercapacitors), a form of 

electrochemical energy storage device with short charging/discharging time, high power density 

and long cycle life, have recently attracted much attention and become one of the most promising 

energy-storage devices for the future.17 ECs have the ability to output significantly more power in 

a relatively short time compared with traditional batteries, but also come with disadvantages 

including limited total energy capacity.18 A complete EC generally consists of two electrodes, 

electrolyte and a non-conductive separator. The electrodes are generally made by materials with 

large specific area, well-developed porous structure and high electronic conductivity, and are the 

most decisive factors for the overall performance of supercapacitors among the three 

components.19 Based on different energy storage mechanisms, ECs can be classified into two 

categories. The electrical double-layer capacitors (EDLCs) are the basic type of ECs, in which the 

energy is stored as electrostatic field generated by charges gathering at the interface between the 

electrode surface and the electrolyte (also called non-Faradaic charge storage).18 The 

pseudocapacitors are a modified and improved version of EDLCs, whose capacitance arises not 

only from the non-Faradaic charge storage, but are also increased by fast and reversible redox 

reactions between electrodes materials and the electroactive composition in electrolytes.20 

The CNPs generated during a combustion process show great potential as electrodes of 

ECs because of the existence of interconnected pores of the fractal-like network, and their energy 
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storage performance can be enhanced by incorporating materials with pseudocapacitive 

behavior.21 Yuan et al. fabricated a highly flexible solid-state supercapacitor with CNPs/MnO2 

nanorods hybrid structure on the basis of CNPs produced by a flame synthesis method, and 

enhanced its performance by using electrochemical deposited MnO2 nanoparticles.22 The device 

exhibited good electrochemical performance due to the porous and conductive CNPs as an 

outstanding substrate for the electrodes. Conducting polymers, such as polyaniline (PANI), 

polypyrrole, polythiophene and derivatives of polythiophene, can also be used to fabricate 

pseudocapacitors with their advantages of high charge density and relatively low cost compared 

with the metal oxides.23 Male et al. successfully developed a hybrid material via in situ 

polymerization of aniline with graphitized mesoporous carbon, and the mesoporous carbon can 

increase the specific capacitance and cycle stability of the electrodes.24 The PANI/activated carbon 

(AC) nanocomposite were also successfully prepared by electropolymerization of aniline 

monomers on the surface of AC, and a high specific capacitance of 338.15 F/g was achieved 

because of the large surface area provided by the AC and the pseudocapacitance contribution of 

PANI.25 In this study, we explored the methods to prepare CNPs/PANI composites and fabricate 

the electrodes of ECs by in situ electrodeposition technique, and compared their performance with 

that of CNPs/MnO2 composites. No binders and conductive additives were used to fabricate the 

electrodes, which simplifies the preparing process and contributes to a higher power density and 

better cycling performance.26 A flexible, solid-state supercapacitor was also fabricated using 

polyvinyl alcohol (PVA)/H3PO4 solution as electrolyte, and the complete device was used to light 

a light-emitting diode (LED) in order to demonstrate its application for energy storage. 
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4.2. Experimental section 

4.2.1. Materials and chemicals 

Paraffin candles and laminating pouches were purchased from a local store. Aniline, poly 

(vinyl alcohol) (PVA, Mw = ~31,000), manganese nitrate (Mn(NO3)2) and sodium nitrate (NaNO3) 

were purchased from Sigma-Aldrich. Sulfuric acid (98%) was purchased from BDH Aristar 

Corporation.  Nickel and copper foams with a thickness of 0.08 mm were purchased from MTI 

Corporation. Sodium sulfate (Na2SO4) and hydrochloric acid (HCl) were purchased from EMD 

Millipore Company. Phosphoric acid (H₃PO₄, 85%) was purchased from J.T.Baker. All the 

chemicals in this study were used without further purification. 

4.2.2. Collection of porous CNPs 

Nickel foam was consecutively sonicated in 1 M HCl solution, acetone, ethanol and 

deionized water each for 15 min, and then used as the substrate to collect CNPs. The pre-treated 

nickel foam was then held above the flame of a burning paraffin candle for 30s and a layer of dark 

soot coating was generated on its surface (Figure 4.1a). The morphology of the CNPs coating was 

characterized using a JEOL JSM-7600F high-resolution field emission scanning electron 

microscope (FE-SEM). The size of CNPs was characterized on a submicron particle sizer 

(NICOMP 380) using the dynamic light scattering (DLS) technique. The CNPs were dispersed in 

water and sonicated for 60 minutes before the DLS test. Sodium dodecylbenzenesulfonate was 

used as the surfactant to improve CNP dispersion in water. The CNPs were also collected on a 

clean silicon wafer for the Raman measurement using a Nicolet NXR 9650 FT-Raman 

spectrometer. 
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4.2.3. Synthesis of CNPs/PANI and CNPs/MnO2 composites 

To electrochemically deposit PANI on the CNPs, a piece of CNPs-coated nickel foam (2 

cm × 1 cm) was immersed into an aqueous solution of 0.1 M aniline and 1 M H2SO4. This nickel 

foam was used as the working electrode during the electrochemical deposition process, and a 

platinum mesh and a saturated calomel electrode (SCE) were used as the counter electrode and the 

reference electrode, respectively. The current for the oxidation of aniline was set constant at 2 

mA/cm2 and the process lasted for 10 minutes. The MnO2 nanoparticles were galvanostaticly 

deposited using the same experimental setup as used in the PANI deposition. The process was 

carried out in an aqueous solution of 20 mM Mn(NO3)2 and 100 mM NaNO3. The current for 

anodic electrochemical deposition was set constant at 0.5 mA/cm2 and the process lasted for 10 

minutes. All the samples were thoroughly washed with deionized water after deposition to remove 

remaining solution and then dried at 70 °C overnight for further characterization. Using the above 

conditions, CNPs were found to account for approximately 5 wt.% of the produced CNPs/PANI 

or CNPs/MnO2 composites. 

In order to investigate the function of the CNPs in the electrodes, both PANI and MnO2 

were also directly electrodeposited on bare nickel foam under the same conditions, and the 

electrochemical properties of the products were tested and compared with the ones with CNPs. 

4.2.4. Electrochemical characterization 

Cyclic voltammetry (CV) tests were performed on a Reference 600 

potentiostat/galvanostat (Gamry instruments) at different scan rates (10~50 mV/s) between 0 and 

0.8 V. 1 M Na2SO4 aqueous solution was used as the electrolyte for all the tests. The specific 

capacitances (Csp) were calculated from the obtained CV curves using the following equations:27 

𝐶𝑠𝑝 =
∫ 𝑖𝑑𝑢

2𝑤𝑣Δ𝑉
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where i and u are the instant current and instant potential, respectively. 𝑤 is the mass of active 

materials on the electrodes, 𝑣 is the scan rate, and Δ𝑉 is the difference in voltage at the start and 

the end of a scan cycle. 

The specific capacitance was also calculated based on the results from cyclic charge-

discharge (CCD) tests using: 

𝐶𝑠𝑝 =
𝐼Δ𝑡

𝑤Δ𝑉
 

where 𝐼 is the charge/discharge current, Δ𝑡 is the time for a full discharging process, 𝑤 is the mass 

of the active materials on the electrodes, and Δ𝑉 is the voltage window in the CCD tests. The CCD 

tests were carried out at current densities from 1 A/g to 5 A/g at the voltage window from 0 V to 

0.8 V. The energy density (De) and power density (Dp) of the electrodes were calculated based on 

the CCD test results: 

𝐷𝑒 =
1

2
𝐶𝑠𝑝(Δ𝑉)2 

𝐷𝑝 =
𝐷𝑒

Δ𝑡
 

To test the cyclic stability of the electrodes, the CCD test are conducted at 5 A/g for 5000 

cycles and the capacitance of the electrodes after different numbers of charge-discharge cycles was 

calculated. The electrochemical impedance spectroscopy (EIS) analysis was performed using the 

Reference 600 potentiostats within the 0.01 to 100K Hz frequency range under open circuit 

potential with a perturbation of 5 mV. 

4.2.5. Fabrication of solid-state flexible supercapacitor 

H3PO4/PVA gel was used as the electrolyte to prepare a solid-state supercapacitor. In a 

typical process, 5 g PVA was added into 50 ml deionized water under vigorous stirring at 90 ℃ 

until the solution became clear, then 5 g H3PO4 was added and the stirring was continued for 30 
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minutes. The nickel foam finished with CNP and PANI depositions was dipped (half-length) into 

the electrolyte solution while the electrolyte was still hot for 10 minutes. The electrode soaked 

with the electrolyte solution was then air-dried at room temperature for 4 h. A piece of copper 

foam with the same size was also soaked with the electrolyte using the same method, and it was 

used as the counter electrode of the device. A piece of filter paper (Whatman CFP4) soaked with 

the electrolyte was placed between the two electrodes to prevent short circuit. The soaked parts of 

the two electrodes were pressed together under a pressure of ca. 10 MPa for 10 minutes and this 

compressed structure was sealed in a laminating pouch purchased at a local office supply store. 

The uncoated parts of the two electrodes were left out of the pouch for connection. 

4.3. Results and discussions 

4.3.1. Structure of CNPs/PANI electrodes 

Figure 4.1a shows that CNPs are being deposited on a piece of cleaned nickel foam by 

placing the foam above a paraffin candle flame. The surface of the nickel foam turned black in 

about 30 s after a uniform coating of CNPs was created. The thickness of the coating increased as 

the collecting time increased. However, due to relatively weak physical interactions among the 

particles in the as-generated network structure, thick coatings were fragile and prone to damage, 

and therefore a thin coating collected within 30 s was chosen for further experiments. The nickel 

foam retains its high flexibility and conductivity after being coated with CNPs, and can be folded 

and twisted without damaging the structure of the electrode (Figure 4.1b). Figures 4.1c and 4.1d 

show the SEM images of the CNPs at high and low magnifications, revealing a loose, fractal-like 

network formed by particles with a typical diameter less than 50 nm. The particle size measured 

by the DLS method shows a mean diameter of 37.2 nm, with a standard deviation of 23.5 nm and 
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𝜒2 of 0.34. The relatively wide size distribution is considered to be caused by some degree of CNP 

agglomeration in water despite the use of the surfactant. 

The interconnected open pores shown in Figures 4.1c and 4.1d facilitate electrolyte 

diffusion and fast ion transportation, which is crucial to fast charge/discharge and high double-

layer capacitance. Further, the CNPs can also serve as a high surface area support and a current 

collector for electroactive materials that promote capacitor performance by offering additional 

pseudocapacitance.28 Therefore, in this study PANI nanorods were grown on the surface of the 

CNP porous structure by electrochemical deposition to further increase its surface area and to 

render pseudocapacitance. 

The Raman spectrum of the CNPs shows the presence of both the D band (1343 cm-1) and 

the G band (1588 cm-1) at almost equal intensity and comparable width (Figure 4.1f). The peak 

width, peak intensity and intensity ratio of the two bands are often used to indicate the level of 

structural order of carbon materials, with the G band representing graphitic carbon and the D band 

suggesting defects in the graphene structure. The equal intensity and comparable width for the 

CNPs indicate ample presence of non-graphitic carbon in the material.29, 30  
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Figure 4.1. Preparation and structure of the CNP-coated nickel foam.  (a) A piece of nickel foam 

being placed about 2 cm above a paraffin flame for CNP deposition. (b) Demonstration of the 

flexibility of the CNPs-coated nickel foam. (c) Low and (d) high magnification SEM images of 

the CNP network deposited on the nickel foam. (e) Raman spectrum of the CNPs. 

Figure 4.2 shows the structure of the CNP networks after PANI was deposited. In Figure 

4.2a PANI nanorods randomly grow on the CNP surface, resulting in a second layer of 3D network 

structure; in Figure 4.2b multiple PANI nanorods grow from a single nucleus, forming a star 
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shaped structure with a large surface area, which should facilitate the redox reactions between 

PANI and electrolytes. Figures 4.1 and 4.2 together show that the CNP/PANI electrode developed 

in this study possesses a hierarchical, highly porous network structure that is very suitable for 

charge storage and flow. 

 

Figure 4.2. Hierarchical porous structure formed by PANI nanorods grown on the CNP network. 

SEM images of the structure at (a) Low and (b) high magnifications. 

4.3.2. Electrochemical properties 

The CNPs/PANI composites studied in the last section were dried overnight and then used 

directly as supercapacitor electrodes without using any binder materials or conductive additives. 

Cyclic voltammetry (CV), cyclic charge-discharge (CCD) tests and electrochemical impedance 

spectroscopy (EIS) were used to characterize their electrochemical performances as electrodes. All 

experiments were carried out using 1M Na2SO4 solution as the electrolyte, saturated calomel 

electrode (SCE) as the reference electrode and Pt mesh as the current collector. As shown in Figure 

4.3a, a pair of redox peaks appear on the CV curve at a low scan rate (10 mV/s), indicating the 

existence of redox reactions resulted from Faradaic transformation of the emeraldine–

pernigraniline forms of PANI during the charge and discharge process.31-33 As the scan rate 

increases the shape of the CV curve is distorted and the cathodic peak (Peak C) shifts in the positive 

direction and the anodic peaks (Peak A) shifts in the negative direction, which is mainly related to 
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the internal resistance of the electrode due to relatively large PANI particle size.34 The specific 

capacitance calculated by the CV curve at 10 mV/s is 147 F/g, and the value decreases as the scan 

rate increases, which is a typical phenomenon of supercapacitors caused by the nonzero time 

constant and elevated transient current.35 

 

Figure 4.3. Electrochemical properties of the CNPs/PANI electrode. (a) CV plots at different 

scan rates. (b) CCD plots at different current densities. (c) Specific capacitance vs. current 

density. (d) Nyquist plot. (e) Capacitance retention over 5000 charge-discharge cycles at a 

current density of 5 A/g. (f) Ragone plot at different current densities. 



 

118 

The CCD curves (Figure 4.3b) are non-linear and quasi-symmetrical due to the redox 

reaction associated with the PANI. The discharge curves of the CNPs/PANI electrode show two 

distinctive stages, i.e. the first one in the range from 0.8 to 0.45 V and the second one from 0.45 

to 0 V. The first stage shows a large IR drop and lasts around several seconds, indicating a large 

internal resistance. This is because that the conductivity of PANI in its leucoemeraldine or 

pernigraniline form is low, so the supercapacitor based on the CNPs/PANI composites has a large 

internal resistance when it is fully charged or discharged.36, 37 In addition, the relatively high 

contact resistance between the loosely packed CNPs also contributes to this large drop. The second 

stage with a much longer discharge time can be ascribed to a combination of the EDLC behavior 

of the CNPs and the pseudo-capacitive behavior of the PANI.38, 39 The specific capacitance 

calculated by the CCD curves is around 140 F/g at the charge/discharge rate of 1 A/g, which agrees 

well with the value calculated by the CV curve. The specific capacitance shows a 42% decrease 

as the charge/discharge current density increases from 1 A/g to 5 A/g (Figure 4.3c), indicating a 

relatively poor performance at high current. The decrease of the specific capacitance at high 

current densities is possibly caused by the lack of sufficient involvement of the electro-active 

materials in the Faradaic reactions at high charge–discharge rates.40 

An EIS analysis was used to investigate the electrochemical performance of the 

CNPs/PANI electrode in more detail, including its frequency dependence, capacitance properties, 

and the equivalent series resistance (ESR). The Nyquist plot (Figure 4.3d) of the electrode shows 

that the curve increases sharply and becomes almost perpendicular to the real axis in the low-

frequency region, which indicates a typical capacitive behavior. In the high frequency region, its 

intersection with the real axis represents the ESR derived from ionic resistance of electrolytes, 

intrinsic resistance of substrates, contact resistance at the interface of active material/current 
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collector, etc.41 The intercept of the Nyquist plot with the X-axis at high frequency region is around 

3Ω, indicating a relatively large ESR that may lead to noticeable energy dissipation during the 

charge/discharge processes. The Warburg resistance, which is represented by the portion with a 

45° slope on the curve, can be found in the middle-frequency region and is resulted from the 

frequency dependence of ion diffusion/transport in the electrolyte.42 

The CNPs/PANI-based electrodes also show excellent durability. Figure 4.3e shows that 

the electrode retains nearly 92% of its initial capacitance after 5000 charge–discharge cycles at a 

current density of 5 A/g, demonstrating high stability of the materials and the structure of the 

electrode even at a high current density. As a widely used characterization method to evaluate the 

performance of energy storage devices, the Ragone plot of the electrode is provided in Figure 4.3f 

by plotting the energy densities versus the power densities at different current densities. The plot 

shows that the electrode exhibits high power densities up to 2000 W/Kg, which is much larger 

than that of conventional batteries such as lithium ion batteries.43 

We also attempted to measure the electrochemical properties of the electrodes that were 

produced by direct electrodeposition of PANI on bare nickel foam.  However, the PANI produced 

this way exhibited poor structural stability and detached easily from the nickel foam when the 

electrode underwent DI water rinse. Therefore, it is impractical to use this product to fabricate the 

electrodes of supercapacitors. 

For comparison, MnO2 nanoparticles were also anodically electrodeposited onto the CNPs 

to produce CNPs/MnO2 electrodes. Unlike the smooth MnO2 particles synthesized using templates 

such as triblock polymer P123,44 the surface of the electrodeposited MnO2 particles showed high 

roughness due to the numerous protruding MnO2 nanosheets (Figures 4.4a and 4.4b, which are 

only a few nanometers in thickness and exhibit many wrinkles and ripples. This morphology can 
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effectively improve the contact area between the MnO2 nanocrystals and electrolytes, and therefore 

boost the electrochemical reactions. It should be noted that without the CNPs as the network for 

the MnO2 particles to be deposited on, the MnO2 particles tend to grow unevenly on the bare nickel 

foam and result in a non-uniform coating (Figure 4.4c). This phenomenon can severely affect the 

effective contact area between the active materials and the electrolyte, thus impacting the 

electrochemical performance of the electrodes. This effect can be clearly seen from the capacitance 

comparison below. 

 

Figure 4.4. SEM images of the MnO2 particles anodically electrodeposited on the CNP network 

at (a) Low and (b) high magnifications. (c) Non-uniform deposition of MnO2 particles on the 

bare nickel foam. 

To compare the performance of CNPs/MnO2 with that of CNPs/PANI, the same 

electrochemical tests were performed. The CV curves of CNPs/MnO2 measured within a potential 

window of 0~0.8 V (Figure 4.5a) show a typical rectangular shape without obvious distortion even 

 (b)   (a)  

 (c)  
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at a high scan rate of 50 mV/s, indicating an ideal capacitive behavior resulted from a reversible 

reaction of the active materials of the electrode. Unlike the CV curves of the CNPs/PANI 

electrodes, the relatively flat curves of the CNPs/MnO2 electrodes without any obvious redox 

peaks confirms that this kind of supercapacitors are charged and discharged at a pseudo-constant 

rate over the entire voltammetric cycles.45 In the CNPs/MnO2 electrodes, CNPs act as a flexible 

conductive scaffold and the MnO2 nanosheets render pseudocapacitance to the electrodes.  Similar 

to CNPs/PANI, the specific capacitance of CNPs/MnO2 decreases with increasing scan rate, 

ranging from 96 F/g at 10 mV/s to 75 F/g at 50 mV/s (Figure 4.5b). However, the decrease is much 

smaller than that of CNPs/PANI (Figure 4.3c). 

The CCD curves obtained at different current densities (1~5 A/g) exhibit isosceles 

triangles, which indicate ideal capacitive behavior and confirm the result from the CV tests (Figure 

4.5c). Moreover, no discernible IR drop can be found on both the charge and discharge curves at 

even the highest current density, suggesting low energy dissipation of the capacitor, which is of 

great importance for energy storage devices because it causes heat generation during 

charge/discharge. The specific capacitance calculated by the CCD curve is 99 F/g at the 

charge/discharge rate of 1 A/g, which agrees well with the value calculated by the CV curve. Both 

the CV and CCD plots indicate that the CNPs/MnO2 electrodes are more suitable for applications 

that require high current densities because their capacitive performance does not deteriorate as 

much as CNPs/PANI does under increasing current densities. The Nyquist plot from EIS test 

(Figure 4.5d) shows a straight and nearly vertical line in the low-frequency region, indicating 

characteristic capacitive behavior for supercapacitors. 

The capacitance retention of the CNPs/MnO2 electrodes is 85% after 5000 charge–

discharge cycles, which is slightly lower than that of the CNPs/PANI electrodes (Figure 4.5e). The 
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Ragone plot shows that their power density can also reach a maximum value of 2000 W/Kg, similar 

to that of the CNPs/PANI electrodes (Figure 4.5f). 

 

Figure 4.5. Electrochemical properties of the CNPs/ MnO2 electrode. (a) CV plots at different 

scan rates. (b) CCD plots at different current densities. (c) Specific capacitance vs. current 

density for the electrode. (d) Nyquist plot. (e) Capacitance retention of the electrode over 5000 

charge-discharge cycles at a current density of 5 A/g. (f) Ragone plot at different current 

densities. 
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Direct electrodeposition of MnO2 on bare nickel foam results in large MnO2 particles 

unevenly deposited the nickel foam surface (Figure 4.4c). This result shows that the pre-deposited 

CNPs play an important role in producing an even, fine MnO2 coating on the foam. The 

capacitance of this CNPs-free electrode is only 32% of that of the CNPs/MnO2 electrode, which 

is most likely caused by the reduced surface area and the lack of the porous CNP nanostructure. 

A number of solid-state supercapacitors using CNPs/PANI as the electrodes and 

H3PO4/PVA ion gel as the electrolyte were fabricated to demonstrate the flexibility of the 

electrodes and their practical applications in energy storage devices. A schematic of the 

supercapacitor is shown in Figure 4.6a. Figure 4.6b shows that the supercapacitor is highly flexible 

and lightweight, and can be twisted and bended without losing structural integrity of the device. 

In Figure 4.6c, a LED lights up when it is powered by three of the solid-state flexible 

supercapacitors connected in series. It should be noted that the illumination was not disturbed 

when the capacitors were bended or twisted. This demonstration shows promising potentials of the 

candle soot based carbon nanoparticles in flexible supercapacitors. 
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Figure 4.6. (a) Schematic illustration of the structure of a supercapacitor using CNPs/PANI as 

electrodes. (b) Demonstration of the flexibility of the solid-state supercapacitor. (c) Three of the 

flexible supercapacitors connected in series light up a LED. 

4.4. Conclusions 

In this study CNPs were generated by incomplete combustion of paraffin wax and PANI 

fibers were galvanostatically deposited on the surface of the CNPs. The CNPs/PANI composites 

showed interconnected 3D porous structure featuring star-like PANI fibers. As a comparative 

study, CNPs/MnO2 composites were also produced using the same method and the deposited 

MnO2 spheres exhibited numerous nanosheets on their surfaces. The CV curves of CNPs/PANI 

electrodes showed noticeable cathodic and anodic peaks, while the CNPs/MnO2 electrodes showed 

a rectangular shape. The CNPs/PANI electrodes showed a high specific capacitance of 140 F/g at 

the current density of 1 A/g, but the value decreased markedly at high scan rates and high current 

 (a)  

 (b)   (c)  

Three 
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densities. On the other hand, although the capacitance of CNPs/MnO2 electrodes were lower than 

that of CNPs/PANI, its deterioration with increasing scan rate and current density was much more 

limited. Both electrodes can find suitable applications in flexible supercapacitors according to their 

distinctive advantages and disadvantages. 
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5. FREESTANDING CARBON AEROGEL PRODUCED FROM BACTERIAL 

CELLULOSE AND ITS APPLICATION AS SCAFFOLD OF MNO2/NI(OH)2 HYBRID 

FOR HIGH-PERFORMANCE SUPERCAPACITOR ELECTRODES 

5.1. Introduction 

Cellulose, an organic compound consisting of β (1,4) linked D-glucose linear chains, is the 

most abundant natural polymer on earth. Due to their insolubility in water, thermal stability, high 

mechanical properties, high availability and low cost, cellulose-based natural materials (e.g. wood, 

hemp, cotton, linen, etc.) have been used for thousands of years to produce building materials, 

furniture, fabrics, papers, textiles, threads, etc. Cellulose is currently still among the most widely 

studied biopolymers as a renewable and degradable source of carbon materials.1 Cellulose is 

produced on a large scale by a diverse group of organisms in nature, including plants, bacteria, 

algae and fungi.2 The annual production of cellulose worldwide is around 1.5×1012 tons, thus it is 

considered to be an inexhaustible source of raw materials for renewable products.3, 4 Most of the 

natural cellulose is produced by plants as it is the structural component of the protective cell walls. 

These plant-derived celluloses can be easily found in stalks, woods, corn stovers, cottons, hemps 

and so on. Additionally, cellulose can also be synthesized by several microorganisms such as 

Gluconacetobacter xylinus. The cellulose produced by these microorganisms is known as 

microbial cellulose or bacterial cellulose (BC).5 BC is chemically identical with the cellulose in 

the cell walls of plants, but in contrast with the plant-derived cellulose which is heterogeneous and 

difficult to purity, BC is free from lignin, hemicellulose and other biopolymers that exist in the 

cell walls.6 Besides its purity, BC also has many distinctive properties such as high crystallinity5, 

high mechanical strength7, high water holding capacity8 and outstanding biocompatibility9. BC 

has a unique three-dimensional (3D) network structure formed by ultrafine cellulose fibers, which 
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can be used to produce 3D ultra-lightweight aerogels.10 The excellent biocompatibility of BC 

makes it ideal for biomedical application such as skin tissue repair. Besides, the commercialization 

of BC for application in drug delivery systems shows a promising future.11, 12 In the field of 

nanomaterials, it has been reported that highly conductive and flexible carbon aerogels (CA) can 

be produced from lyophilized BC aerogels by pyrolysis in an inert atmosphere such as argon or 

nitrogen.13 Despite recent progress in this field, the potential applications of BC still need further 

investigation. 

The characteristics of cellulose provide the material great potential for producing low cost 

and environmentally friendly flexible electronic devices. For example, it has been reported 

recently that a portable, recyclable and highly selective cellulose-based sensor device was 

successfully developed for the colorimetric and optical detection of hydrogen sulfate anions in 

water.14 Cellulose-based materials was also used to make microfluidic devices due to its excellent 

absorptivity and permeability, and these devices can be used as novel diagnostic platforms for 

chemistry, biochemistry, and environmental studies.15 Membranes produced from BC were used 

as flexible substrates for the organic light emitting diodes (OLED), which offered a new way to 

fabricate flexible organic optoelectronic devices.16 Among all these applications, it should be noted 

that the porous, hydrophilic properties of BC and its 3D network structure are particularly suitable 

for the electrodes in energy storage devices such as batteries and supercapacitors. 

Supercapacitors (SCs), also known as electrochemical capacitors or ultra-capacitors, are 

low-cost and environmentally friendly energy storage devices. SCs generally have the advantages 

of long cycle life, rapid charging/discharging rate and high power densities. They have the 

potential to meet the growing demands for power delivering systems in portable electronics, power 

backup systems, electrical/hybrid vehicles, etc.17 A variety of electrode materials have been 
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developed to increase the performance of SCs, including various forms of carbon, conducting 

polymers and transitional metal oxides.18 Activated carbons (ACs) are the most commonly used 

carbonaceous materials for the electrodes of SCs due to their low-cost, high chemical and thermal 

stability, and large specific surface area.19 The electrodes produced from ACs with a highly porous 

structure and a large surface area can reversibly adsorb/desorb ions of the electrolyte onto/from 

the active materials. Electrical charges are electrostatically stored on the electrode/electrolyte 

interface during the charging process, and the stored energy can be rapidly released when being 

discharged. This type of SCs are called electrochemical double layer capacitors (EDLCs).20 SCs 

can also be achieved based on pseudo-capacitive behavior, i.e. fast and reversible redox reactions 

on or near the surface of the electrodes for energy storage. Compared with the EDLCs which relies 

solely on the electrical double layers to store energy, the active materials with pseudo-capacitive 

behavior usually show higher specific capacitance and energy density owing to the contribution of 

the interfacial reversible Faradaic reactions. These type of SCs are called pseudo-capacitors.21 The 

combination of these two mechanisms increases the specific capacitance and further enhances the 

overall performance of SCs. Manganese dioxide (MnO2) is one of the most popular electrode 

materials for SCs. Just like the carbonaceous materials such as ACs, it is also inexpensive, 

abundant in nature and environmentally friendly. Its theoretical capacitance can reach as high as 

1370 F/ g.22 Many methods have been proposed to produce electrode materials for SCs. Among 

them, the electrodeposition technique has proven to be an effect way of producing nanoscale 

electrode materials with high performance.23 

Cellulose has been applied as a substrate or scaffold for the electrodes of SCs due to its 

high mechanical performance, flexibility, and tailorable surface functionalities.24 Previous 

researches show that freestanding and flexible paper electrodes can be successfully fabricated 
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based on BC, carbon nanotubes/graphene and polyaniline/polypyrrole composites.25-28 In these 

applications, BC was employed as the template and substrate to support the electro-active materials. 

The composites have unique flexible mechanical properties with good bending stability, and show 

high electrochemical performance with specific capacitance up to ~500 F/g and energy density up 

to ~30 Wh/kg. Recently, BC-based gel electrolyte has also been developed to fabricate all-

biomaterial derived SCs.29 Nitrogen-doped electrode materials from pyrolyzed BC are synthesized 

by hydrothermal reaction between BC and aqueous ammonia solution or by annealing of BC in 

NH3 atmosphere.30, 31 

In this chapter, 3D carbon aerogels with 3D interconnected structure and increased surface 

area were produced by direct pyrolysis of BC without undergoing any chemical activation. The 

synthesis process is free from strong activation agents such as KOH or phosphoric acid that are 

typically used to produce high surface-area ACs. The method is environmentally-friendly and can 

be potentially used for large-scale industry production. The hierarchical 3D structure has large 

surface areas (~337m2/g) and ample mesopores, which can provide channels for ion diffusion 

during the charge/discharge processes of SCs. MnO2 and Ni(OH)2 nanoparticles are coated on the 

surface of the carbon nanofibers via electrodeposition and redox reaction. The MnO2 and Ni(OH)2 

nanoparticles serve as the active materials to promote the electrochemical performance. SCs with 

this 3D nanostructured electrodes were successfully fabricated and their electrochemical 

performances were tested. This research provides a novel method for the application of BC in 

energy storage devices, and can meet the growing demand for low-cost, clean and renewable 

material sources for advanced energy storage systems. 
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5.2. Experimental section 

5.2.1. Materials  

The commercially available food, nata de coco made from BC cubes, were purchased from 

Thai Agri Foods Public Company. The BC cubes were rinsed continuously using tap water for two 

days to remove the syrup contained inside the cubes, and then immersed in DI water for 15 days 

with the water changed every 12 h. Upon complete purification, the mass concentration of BC in 

the purified BC hydrogel was measured to be around 0.5%. Carbon cloth sheet, conductive carbon 

black (TIMCAL SUPER C45), polyvinylidene fluoride (PVDF) binder and N-methyl-2-

pyrrolidone (NMP) were purchased from MTI Corporation. Nickel sulfate (NiSO4), nickel chloride 

(NiCl2.), boric acid (H3BO3) and poly (vinyl alcohol) (PVA, Mw =∼31,000) were purchased from 

Sigma-Aldrich. Sulfuric acid (H2SO4, 98%) was purchased from BDH Aristar Corporation. PVC 

laminating sheets (Scotch LS854SS-10) were purchased from Amazon.com. All the chemicals 

were used without further purification.  

5.2.2. Preparation of carbon aerogel from BC 

The purified BC cubes were frozen in liquid nitrogen and freeze-dried at -48 C under  0.05 

mbar pressure using a freeze dryer (Freezone Freeze Dry Systems, Labconco). BC aerogels were 

produced after the freeze drying. The BC aerogels were pyrolyzed using a tube furnace (TF55030A 

Tube Furnace, Thermo Scientific) in an argon atmosphere to produce carbon aerogels (CAs). The 

heating rate was set at 1°C/min from room temperature to 350 °C, then the temperature was kept 

at 350°C for one hour. After that the temperature was increased from 350 °C to 1000°C at 5°C/min, 

kept at 1000 °C for 100 minutes, and then decreased to room temperature at 5°C/min. After the 

pyrolysis, the width of the CAs decreased to half of the original width of the BC aerogels, and the 

volume of the CAs was 15% of the volume of the original BC cubes. The morphology and the 



 

134 

internal structure of the samples were characterized using high-resolution field emission scanning 

electron microscope (FE-SEM, JEOL JSM-7600F) and transmission electron microscopy (TEM, 

JEOL JEM-2100). Thermogravimetric analysis (TGA) was performed on a Q500 

Thermogravimetric Analyzer (TA instruments) from 25 °C to 800 °C at a heating rate of 20 °C/min 

in a nitrogen flow of 60.0 ml/min. X-ray powder diffraction (XRD) analysis was performed on a 

Phillips X'Pert MPD Powder X-ray Diffractometer. The X-ray used for the characterization was 

the Kα radiation (λ=0.1541841 nm) generated from copper at 40 kV and 80 mA. The surface area 

and pore size distribution of the aerogels were tested by adsorption/desorption isotherms at 77K 

using a TriStar II 3020 Automatic Analyzer. The BC aerogels and carbon aerogels were degassed 

at 150 °C and 200°C respectively under vacuum overnight before measurement. Nitrogen was 

used as the analysis adsorptive gas in all tests. 

5.2.3. Electrodeposition of nickel and formation of MnO2/Ni(OH)2 hybrid 

The electrodeposition of nickel on the CAs was carried out at room temperature in a Watts 

nickel plating bath containing NiSO4 (250g/L), NiCl2 (50 g/L) and H3BO3 (30 g/L). The flexible 

CAs were tightly sandwiched between two plates of stainless steel and completely immersed in 

the bath. The electrodeposition process lasted for 10 minutes with a constant current density of 10 

mA/cm2. The initial pH value of the electrolyte was around 4.3. When the electrodeposition was 

finished, the CAs were immersed in DI water overnight and then gently rinsed to remove the 

remaining Watts solution. The washed CAs were immersed into 50mM potassium permanganate 

solution for two hours in a dark room, and then rinsed with DI water to remove the remaining 

potassium permanganate solution. The cleaned CAs were dried in an oven at 75°C overnight for 

further use. 
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5.2.4. Electrochemical characterization 

All the electrochemical tests were performed using a three-electrodes system on a 

Reference 600 potentiostat/galvanostat (Gamry instruments). To prepare supercapacitor electrodes 

for the tests, the MnO2/Ni(OH)2 hybrid coated CA, conductive carbon black and PVDF were mixed 

(80:15:5 by weight) and ground thoroughly using a mortar and pestle for ten minutes. NMP was 

then added to the mixtures to form a slurry. The slurry was then uniformly pasted on a piece of 

nickel foam, and dried overnight at 75 °C to remove the NMP. The dried nickel foams loaded with 

electrode materials were pressed under a pressure of 10 MPa to reduce the contact resistance 

between the active materials and the current collectors. The mass loading of the active materials 

on the current collectors was around 3 mg. Cyclic voltammetry (CV) tests were performed at 

selected scan rates (10~50 mV/s). The voltage was swept linearly between 0 and 0.8 V versus a 

saturated calomel reference electrode (SCE) at room temperature. 1 M Na2SO4 aqueous solution 

was used as the electrolyte for all the tests. 

The cyclic charge-discharge (CCD) tests were carried out at selected densities (1 A/g to 5 

A/g) at the voltage window of 0 V~0.8 V. The specific capacitance (Csp) was calculated using the 

following equation: 

𝐶𝑠𝑝 =
𝐼Δ𝑡

𝑤Δ𝑉
 

where 𝐼 is the charge/discharge current, Δ𝑡 is the time for a full discharging process, 𝑤 is the mass 

of the active materials on the electrodes, and Δ𝑉 is the voltage window of the CCD tests. The 

energy density (De) and power density (Dp) of the electrodes were calculated based on the CCD 

test results as follows: 

𝐷𝑒 =
1

2
𝐶𝑠𝑝(Δ𝑉)2 
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𝐷𝑝 =
𝐷𝑒

Δ𝑡
 

To test the cyclic stability of the electrodes, the CCD test are conducted at 5 A/g for 5000 

cycles and the capacitance of the electrodes during the process was calculated to compare their 

performance. The electrochemical impedance spectroscopy (EIS) analysis was performed from 

0.01 Hz to 100K Hz with a perturbation of 5 mV vs. the open circuit potential. 

5.2.5. Fabrication of solid-state SCs 

H2SO4/PVA ion gel was used as the electrolyte for the solid-state SCs. To prepare the 

electrolyte, 6 g PVA was added into 60 ml deionized water under vigorous stirring at 90 °C to 

form a clear gel, then 6 g H2SO4 was added into the PVA gel and the stirring was continued until 

a homogeneous ion gel was formed. The paste prepared for the fabrication of the electrodes were 

doctor-bladed on a piece of rectangular carbon cloth. The carbon cloths were immersed into the 

H2SO4/PVA ion gel and then air-dried at room temperature for 4 h. Two electrodes soaked with 

ion gel electrolyte were sealed in plastic laminating sheets to form a supercapacitor. To 

demonstrate the application as energy storage devices, three identical SCs were connected in series 

to form a supercapacitor pack. The pack was charged until the voltage reached 3 volts, and then 

connected to a LED light. 

5.3. Results and discussion 

The original BC hydrogels contain nearly 99% of water, indicating excellent hydrophilic 

properties of BC due to the large amount of hydroxyl groups on the cellulose fibers. It can be seen 

from Figure 5.1a that the mass of the freeze-dried BC cube (i.e. BC aerogel) with the size of ~1cm3 

is around 20mg. After the pyrolysis at 1000 °C under a constant 200 ccm argon flow, the BC 

aerogel is converted into a flexible, lightweight and conductive CA. The volume of the CA cube 

shrank to ~15% of the original BC aerogel cube, and only 10% of the original mass remains due 
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to the removal of O and H atoms during the pyrolysis process. The weight loss and weight loss 

rate curves (Figures 5.1c) indicate that the major weight loss occurs between 200 °C and 400 °C. 

The small weight loss below 100 °C is due to the loss of moisture, and the major loss thereafter is 

caused by the removal of degradation volatiles in the form of CO2, H2O, CH4, furans, acetaldehyde, 

etc.32 During the initial stages of the pyrolysis process, intermediary anhydrocellulose is formed 

because of the intermolecular and intramolecular dehydration of the cellulose before 300 °C. 

Cellulose depolymerization occurs rapidly during 300~400 °C and volatile compounds are 

released. A charring process happens as the temperature continues to increase, forming aromatic 

benzene rings and aromatic polycyclic structure by combination of these benzene rings.33 The 

released volatile compounds can also undergo secondary reactions by breaking the chemical bonds 

within the volatile compounds and recombining into molecules with a lower molecular weight.34 

Previous research showed that a high heating rate results in simultaneous chemical bond breakages , 

leading to the release of volatile compounds, while a low heating rate favors the conversion of 

biomass into solid residues and the production of bio-char.33 In the case of this experiment, due to 

the low heating rates used (5 °C/min), the network structure of BC aerogels remains intact, 

resulting in  stable, flexible and conductive CAs. 

The surface area and pore size distribution of the aerogels were investigated by nitrogen 

adsorption/desorption tests. As shown in Figure 5.1d, the adsorption/desorption isotherms of the 

BC aerogel and CA can be characterized as type III isotherms according to the BDDT (Brunauer–

Deming–Deming–Teller) classification, which describes adsorption on macroporous adsorbents 

with week adsorbate-adsorbent interactions.35 Based on the BET theory, the surface areas for the 

BC aerogel and CA were calculated to be 146.61 m²/g and 337.21 m²/g, respectively. The increase 

of surface area was caused by the removal of volatile matter during the pyrolysis, which resulted 
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in an increase in the pore volume and surface area.36 The heating rate used in the experiments was 

very low, which grants sufficient time for the volatiles to diffuse and escape from the cellulose 

nanofiber37 The small hysteresis loop in the region from P/P0 = 0.8 to 1 indicates the existence of 

a large number of mesopores between within the 3D network.31 The pore size distributions (Figure. 

5.1e) were calculated based on the BJH theory. For both aerogels, the pores between 2 and 3 nm 

constitute the largest population. The average pore width is around 10 nm for the BC aerogels and 

7.6 nm for CAs. The decrease of average pore size explains the shrinkage of the BC aerogels after 

the pyrolysis treatment. According to the previous research in chapter 2 and 3, although the 

increase in surface area favors the improvement of the capacitance, the pore size distribution also 

plays an important role for further optimization of the electrochemical performances.19 In this 

research, the interconnected network with ample micropores and mesopores enable fast diffusion 

of electrolyte ions during the charge/discharge process especially at high current densities, which 

can facilitate the high-quality performance of the supercapacitors.38 
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Figure 5.1. (a) Size and weight of a BC aerogel cube after freeze drying. (b) Size and weight of 

the CA cube after pyrolysis of the BC aerogel cube. (c) TGA results of the BC aerogels. (d) 

Adsorption/desorption isotherms of the BC aerogels and CAs. (e) Pore size distribution based on 

the BJH method. 

Figure 5.2 shows the proposed scheme of nickel electrodeposition and MnO2/Ni(OH)2 

hybrid formation on the CAs. In the first step nickel nanoparticles are deposited. The size and 

(a) (b) 

(c) (d) 

(e) 
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density of the nickel nanoparticles can be controlled by the current density and the duration of the 

electrodeposition process. In the second step, MnO2/Ni(OH)2 hybrid is produced on the nickel 

nanoparticle surface and a layer of MnO2 is formed on the carbon nanofiber surface. The BC 

aerogel works as a scaffold to support the electrochemically active metal compounds. The 

introduction of MnO2 and Ni(OH)2 on the carbon 3D network should greatly improve its 

electrochemical performance. This proposed process is confirmed by the SEM and TEM studies 

discussed below. 

 

Figure 5.2. Scheme of the synthesis process of the Ni, MnO2, and MnO2/Ni(OH)2 hybrid coating 

on CAs. 

The SEM images of a CA at low and high magnifications are shown in Figure 5.3a and 

5.3b. The carbonized BC nanofibers (average fiber diameter ~ 30 nm) form an interconnected 

porous network in the aerogel (Figure. 5.3b). After the two-step synthesis process, the CA retains 

its original porous network formed by the intertwined carbon nanofibers, but the average width of 
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the nanofibers increases to ~50nm as shown by Figure 5.3d. The surface of the carbon nanofibers 

also becomes rougher after the process due to the coated materials. To investigate the composition 

of the aerogels, energy-dispersive X-ray spectroscopy (EDS) was used to determine the atomic 

percentage of the materials. The EDS results show that the atomic percentage of carbon atoms for 

the pure CA is 90.56%, indicating its high carbonization degree after the pyrolysis treatment. After 

the synthesis process, the atomic percentage of carbon atoms decreases to 81.92%, while the 

percentages of nickel and manganese atoms increase to 12.13% and 4.47%, respectively. The 

redox reaction happened between nickel and manganese permanganate can be described by the 

following equations:39 

3𝑁𝑖 + 2𝑀𝑛𝑂4
− + 4𝐻2𝑂 = 2𝑀𝑛𝑂2 +  3𝑁𝑖(𝑂𝐻)2 + 2𝑂𝐻− 

The MnO2 coating on the surface of the carbon fibers was formed by the reaction between 

the carbon fiber and the KMnO4 solution, which can be described as follows:40 

4𝑀𝑛𝑂4
− + 3𝐶 + 𝐻2𝑂 = 4𝑀𝑛𝑂2 + 𝐶𝑂3

2− + 2𝐻𝐶𝑂3
− 
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Figure 5.3. (a) and (b) SEM images of CAs at low and high magnifications. (c) and (d) SEM 

images of the CAs coated with Ni, MnO2, and MnO2/Ni(OH)2 hybrid at low and high 

magnifications. 

TEM studies were performed to determine the internal structures of the CAs after the nickel 

electrodeposition and the hybrid formation. As shown by Figure 5.4(a~c), nickel nanoparticles 

measuring about 20 nm were evenly deposited along the carbon nanofibers, which exhibit a largely 

amorphous structure. A crystalline lattice structure can be seen in the nickel nanoparticles, 

indicating the formation of metal nickel particles (Figure 5.4c). After the formation of MnO2 and 

Ni(OH)2, the diameter of the fibers increased significantly (Figure 5.4e). The surface of the nickel 

nanoparticles was also coated with MnO2/Ni(OH)2 hybrid formed by redox reaction (Figure 5.4f). 

36.6 nm 

23.4 nm 

56.3 nm 

46.6 nm 

(b) (a) 

(d) (c) 
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Figure 5.4. (a~c) TEM images of the CAs coated with nickel nanoparticles at low to high 

magnifications. (e~f) TEM images of the CAs coated with Ni/MnO2 and MnO2/Ni(OH)2 hybrid 

at low to high magnifications. 

The XRD patterns of the BC aerogels and CAs are shown in Figure 5.5a. The former shows 

three major diffraction peaks at 14.6°, 16.8° and 22.6°, which represent the (1, -1, 0), (1, 1, 0) and 

(2, 0, 0) plane of crystalline cellulose, respectively.41 The obtained XRD pattern agrees well with 

that of type I cellulose, which is formed from unidirectionally aligned, parallel D-glucose chains.42 

The crystallinity index (Ic) can be calculated using the equation below: 

I𝑐 =
I200 −  I𝑎𝑚

I200
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where I200 is the intensity of the (200) peak, and Iam is the baseline intensity of amorphous material 

at 18°.43 The BC aerogels show a high crystallinity of ∼85.9%. By contrast, the XRD pattern of 

CAs lacks diffraction peaks, indicating their amorphous structure. This is because the 

carbonaceous materials generated from pyrolysis of biomass are generally hard carbons with 

irregular and disordered structure that are hard to be graphitized.44, 45 

After deposition of nickel nanoparticles on the CAs, the spectrum shows two characteristic 

peaks at 44.5° and 51.8° (Figure 5.5b), which correspond to the (111) and (200) planes of the face-

centered cubic structure of nickel.46 After the coating of MnO2, new peaks that represent the (301) 

plane of the MnO2 and the (101) and (110) planes of the Ni(OH)2 appear on the pattern.39, 47 This 

result confirms the formation of the MnO2/Ni(OH)2 hybrid on the CAs. In this composite material, 

the porous 3d network structure offers a good tunnel for ion transfer within the carbon aerogel 

scaffold, while the MnO2/Ni(OH)2 hybrid functions as the electroactive materials to provide high 

pseudo-capacitance. 

 

Figure 5.5. XRD pattern of (a) BC and CA. (b) CA after deposition of nickel particles and CA 

with the formation of MnO2/Ni(OH)2 hybrid. 

(a) 

Ni (200) 
Ni (111) 

MnO2 (301) 

Ni(OH)2 (101) 

Ni(OH)2 (110) 

(b) 
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The electrochemical performance of the CAs, CAs deposited with Ni nanoparticles, and 

the CAs coated with Ni, MnO2, and MnO2/Ni(OH)2 hybrid was examined using the CV, CCD and 

EIS tests carried out in 1 M Na2SO4 aqueous electrolyte. The CAs and CAs with Ni nanoparticles 

show negligible capacitance (0.5~1 F/g) because of the lack of active materials with the capacitive 

behavior (Figure 5.6a). After introducing MnO2 and Ni(OH)2 to the CA surface, the 

electrochemical performance is greatly improved. The CV curves in Figure 5.6b show a quasi-

rectangular shape, indicating a typical supercapacitive behavior with good rate performance. 

Although the pseudo-capacitive materials (i.e., MnO2 and Ni(OH)2) are present in the electrode, 

the lack of redox peaks on the CV curves demonstrates the fast and reversible redox reactions 

happened at a constant rate over the entire voltammetric cycles, which is a typical characteristic of 

MnO2-based electrodes caused by the combination of various redox peaks between Mn3+ and 

Mn4+.48  

As for the CCD tests at different current densities (1~5 A/g), the curves exhibit an isosceles 

triangle shape with constant slopes, which indicate ideal capacitive behaviors and confirm the 

result from the CV tests (Figure 5.6b). The initial voltage drop at the beginning of discharge 

process is commonly referred to as the IR drop, which reflects the effect of intrinsic resistance 

caused by the insulating binder used for the fabrication of the electrodes. The unique 3D 

hierarchical porous structure of the CAs can greatly promote fast ionic motion and facilitate the 

access to the interior surfaces of the electrode, which explains the good supercapacitive behavior. 

The calculated specific capacitance at 1 A/g is 109 F/g. EIS was tested between 0.01 and 100 kHz 

with a sinusoidal excitation signal of 5 mV to further investigate the electrochemical performance. 

It can be seen from the Nyquist plot that the curve shows a straight line almost vertical to the real 

axis in the low frequency region (Figure 5.6d). The steep line with high gradient is the typical 
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characteristic of an ideal capacitor. On the other end, the curve shows a small arc in the high 

frequency region, which is caused by the charge transfer resistance.49 The value of the intercept 

on real axis is equivalent series resistance (ESR), which represents the combined resistance  

originating from ionic resistance of the electrolyte, the contact resistance between electrode 

material and current collector, and the intrinsic active material resistance.50 The ESR in this case 

is around 7.5 Ω, which corresponds well with the IR drop of the CCD test. The energy density and 

power density is shown by the Ragone plot to evaluate the electrode’s energy storage performance 

(Figure 5.6e). The plot shows that the BC-based carbon aerogel electrodes can achieve an energy 

density as high as 9.4 Wh/Kg while the power density can reach 4000 W/Kg. These high values 

show the application potential of the Ni/MnO2/Ni(OH)2 coated CAs in energy storage devices. 

As a demonstration, three SCs, which used H2SO4/PVA gel as the electrolyte and 

Ni/MnO2/Ni(OH)2 coated CAs as the electrode material, were connected in series to make a power 

source. The device was charged to 3 volts and then connected to a LED light. As shown in Figure 

5.6f, the device can light the LED for more than 2 minutes. This demonstration shows promising 

application of using carbon aerogel produced from bacterial cellulose as the scaffold and 

MnO2/Ni(OH)2 hybrid as active materials for the electrodes of energy storage devices. 
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Figure 5.6. (a) Comparison of the CV curves of Ni coated CAs and Ni/MnO2/Ni(OH)2 coated 

CAs at 10 mV/s. (b) CV curves at various scan rates for the Ni/MnO2/Ni(OH)2 coated CAs. (c) 

Galvanostatic charge/discharge curves at different current densities. (d) Nyquist plot (e) Ragone 

plot. (f) LED light powered by supercapacitor pack. 

5.4. Conclusion 

In summary, we reported the preparation of freestanding carbon aerogel produced from 

bacterial cellulose. The aerogel was coated with nickel by electrodeposition, and then decorated 

with MnO2 through a redox reaction. The electrochemical performance was examined by cyclic 

(a) (b) 

(c) (d) 

(e) 
(f) 
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voltammetry, cyclic charge/discharge and electrochemical impedance spectroscopy. The results 

show that a high specific capacitance of 109 F/g can be achieved at 1 A/g, and the power density 

can reach 4000 W/Kg. This research offers a novel application method of bacterial cellulose in the 

field of power storage devices. 
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6. SUMMARY AND FUTURE WORK 

6.1. Summary 

In this dissertation, the preparation of carbon-based nanomaterials from agricultural 

residues and agricultural by-products is explored. Many advanced applications are investigated, 

especially in the field of electrode materials for energy storage devices. The development of porous 

activate carbons were investigated in detail, and their applications as electrode materials of 

supercapacitors were demonstrated. Besides the traditional carbonization and chemical activation 

at high temperature (~1000℃), the hydrothermal carbonization of biomass to produce 

carbonaceous materials at relatively low temperature (~200℃) was also covered in this 

dissertation. This dissertation proves that the microwave irradiation can be an effective way to 

increase the crystallinity of porous activated carbons, thus reduce the electrical resistance of the 

electrodes. In addition to the traditional raw materials such as cellulose produced from wood 

industry, novel material sources such as bacterial cellulose were used to prepare nanocomposites 

that can be used for high-performance electrodes of supercapacitors as well. Overall, this 

dissertation contributes to the sustainable development of the agricultural industry in North 

Dakota. 

In the first research of this dissertation discussed in chapter 2, a one-step facile method to 

produce 3D porous ACs from DDGS using by microwave-assisted chemical activation was 

developed. The surface area of the obtained ACs varied from several hundreds to the maximum of 

nearly 1036 m2/g, depending on the acid ratio and the activation temperature. Pore size analysis 

based on nitrogen adsorption/desorption tests found that the ACs contained large fraction of 

micropores. The MB adsorption tests showed that the adsorption capacity of the ACs was 

proportional to their surface areas, with the highest being 477 mg/g for the 1036 m2/g surface area. 
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The EDLCs based on the DDGS-based ACs exhibited excellent electrochemical performance and 

stability. The specific capacitances ranging from 120 to 210 F/g were achieved and the electrode 

showed minimal degradation after 1000 charge/discharge cycles. The specific capacitance can be 

further improved up to nearly 300 F/g by forming AC/MnO2 composite with pseudocapacitance 

behavior. The research pointed out that the adsorption and electrochemical test results indicated 

that the adsorption capacity was determined by the total surface area of the ACs, while the 

capacitance was critically controlled by both the surface area and the pore size distribution. This 

study demonstrated the potentials of DDGS in environmental remediation and energy storage 

applications. 

Based on the results of the first research, a facile GO-assisted HTC and microwave 

irradiation process was developed in chapter 3 to convert DDGS into supercapacitor-ready ACs. 

Instead of the direct chemical activation method used in the first research in chapter 2, a novel 

HTC method was used to carbonize the biomass, and biochar was formed after the HTC treatment. 

The results show that GO plays an important role in increasing the electrochemical properties of 

the produced AC. The addition of GO changed the shape of the hydrochar particles from spheres 

to flakes by serving as a carbonization template. Additionally, GO absorbed microwave irradiation 

to create high temperature for carbonization and graphitization. The final microwave irradiation 

was proved to be a highly effective method to rapidly increase the degree of carbonization and 

graphitization of the hydrochar. This study shows that direct carbonization of wet DDGS (or other 

biomass) using HTC followed by microwave irradiation represents a highly energy-efficient 

method to produce high value carbon materials. However, despite the low-cost and facile 

carbonization brought by the hydrothermal treatment, it should be noted that when using the HTC 

method, the solution inside the autoclave is in subcritical state with high pressure and high 
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temperature. The experiment has the potential of dangerous explosion and should be carried out in 

safe place with protection. 

In addition to the research on DDGS as the raw material for the preparation of carbon-

based nanomaterials, a novel material, bacterial cellulose, was also investigated for the production 

of freestanding carbon aerogel. The aerogel was coated with nickel by electrodeposition, and then 

decorated with MnO2 through a redox reaction. As a foundation of this research, the 

electrodeposition technique was explored in chapter 4 by using natural carbon nanoparticles 

generated from combustion as nucleus for the formation of 3D interconnected network. Both PANI 

and MnO2 were chosen as the active materials for the electrodes of SCs. The CNPs/PANI 

electrodes showed a high specific capacitance of 140 F/g at the current density of 1 A/g, but the 

value decreased markedly at high scan rates and high current densities. On the other hand, although 

the capacitance of CNPs/MnO2 electrodes were lower than that of CNPs/PANI, its deterioration 

with increasing scan rate and current density was much more limited. Both electrodes can find 

suitable applications in flexible supercapacitors according to their distinctive advantages and 

disadvantages. 

Finally, by using the freestanding carbon aerogel produced from bacterial cellulose as the 

scaffold, nickel nanoparticles were deposited on the carbon aerogel using the electrodeposition 

technique introduced in chapter 4, and then the CA was decorated with MnO2 through a redox 

reaction. The electrochemical performance was fully examined by cyclic voltammetry, cyclic 

charge/discharge and electrochemical impedance spectroscopy in chapter 5. The results show that 

a high specific capacitance of 109 F/g can be achieved at 1 A/g, and the power density can reach 

4000 W/Kg. This research offers a novel application method of bacterial cellulose in the field of 

power storage devices. The comparison of the electrode materials is shown in Table 6.1. 
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Table 6.1. Comparison of the electrode materials developed in this dissertation 

Raw materials Type of 

Supercapacitor 

Preparation method Capacitance at 

1A/g (F/g) 

DDGS EDLCs Carbonization/Activation 195 

DDGS/MnO2 Pseudocapacitor Carbonization/Activation, 

Redox reaction 

286 

DDGS/GO EDLCs HTC, Activation, 

Microwave irradiation 

102 

CNPs/MnO2 Pseudocapacitor Electrodeposition 99 

CNPs/PANI Pseudocapacitor Electrodeposition 140 

BC/Ni(OH)2/MnO2 Pseudocapacitor Electrodeposition, Redox 

reaction 

109 

 

6.2. Future work 

From the discussion of the four projects in chapter 2~5, it can be concluded that agricultural 

residues can be used as low-cost and renewable sources for advanced carbon-based materials. In 

this dissertation, the pyrolysis of biomass is investigated in detail by thermal decomposition of 

biomass in absence of oxygen. After pyrolysis, solid biochar was produced and porous carbon can 

be produced by further activation. A novel HTC method was also investigated for carbonization 

of biomass at relatively low temperature. Bacterial cellulose can also be used as another raw 

material to produce carbon aerogels with 3D interconnected network, but the cost for the 

production of bacterial cellulose is still relatively high. In the further work, the hydrolysis of 

biomass to produce bacterial cellulose can be a possible way to fully utilize agricultural residuals. 

By hydrolysis of agricultural residuals, nutrients necessary for the growth of bacterial cellulose 

can be provided at lower cost. The enzymatic hydrolysis of biomass will be the future work in 

order to achieve better use of agricultural residues such as DDGS. Besides, microwave irradiation 

has been proven to be an effective way for the carbonization of biomass in this dissertation. 
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Microwave irradiation can be used to efficiently carbonize biomass and produce porous activated 

carbons. Compared with traditional thermal carbonization, it has many advantages such as fast 

heating rate and high efficiency. This dissertation points out that graphene oxide can absorb 

microwave irradiation to create high temperature for carbonization and graphitization of biomass, 

which favors the increase of the electrochemical performance of the electrodes. Future work on 

the treatment of biomass by microwave irradiation can be a method of great potential for efficient 

utilization of agricultural residuals. 
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