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Abstract

Porous materials particularly, nano-porous carbons are well known because of having high
specific surface area (SSA), different pore dimensions, inherent excellent conductance, low
density, and highly available. The most effective source of cheap, plentiful, and environmentally
safe precursors for nano-porous carbon, which are then used in energy storage technologies
like high-performance symmetric supercapacitors, has been found to be ‘biowaste/biomass’.
This study compares two different biowastes-derived porous carbons such as wood and maize
cobs using a straightforward one-step pyrolysis and potassium hydroxide (KOH) activation
method for use in symmetric supercapacitors. Using XRD, SEM-EDX, FTIR, TGA, and
subsequent CV, GCD, EIS, and cycle stability testing, the microstructures, morphology, and
comparative study on electrochemical performance of resulting activated carbons were
analyzed. The prepared carbon electrode made from maize cobs and wood scraps exhibits an
electrical conductivity of 535.75 F.g™* and 135.64 F.gt at 5 A.g in a 6 M KOH electrolyte as
a result. The samples also showed a remarkable cycling stability of 99.81 % and 97.67 % at 10 k
cycles. In conclusion, the higher electrochemical behavior of carbon material made from maize
cobs in comparison to wood scraps can be due to the combination of a high specific surface

area with a large number of mesopores/micropores and a highly stable structure.

Keywords: nano-porous carbon, SSA, electrical conductivity, eco-friendly, low cost, highly

conductive, symmetric supercapacitor, corncob/wood, KOH activation



CHAPTER 1

Introduction

1.1 General Background

The nano-porous materials are capable of interaction with molecules due to having vast inner
surface and constrained nano-structures makes them of significant scientific and technological
significance. They demonstrate their potential impact on a broad range of research fields,
including electrical devices to meet the ever-growing need of energy, their special attributes,
which open up new opportunities in the field of chemistry. The fascinating chemical and
physical properties of nano-porous carbons (NPCs), which have interpenetrating and regular
nanopore systems, including higher specific surface area (SSA), pore structure, higher heat and
chemical stability, higher electrical conductivity, and abundancy, have recently sparked
enormous research activity. As a result, they have been used in electrochemical, energy
conversion, and storage technologies.

Recently, a lot of research has been put into developing new, low-cost, eco-friendly synthetic
approaches that can be bioprocessed for mass production, as well as improving existing
fabrication techniques for carbon. Researcher’s interest has recently been drawn to porous
carbons made from biowaste for a variety of applications. Biowaste is a more promising
precursor than its rivals because it is easily accessible and produces porous carbon that is not
only economical but also environmentally friendly.

In my master's thesis, |developed a synthesis method to create highly functional porous carbons
with a large surface area from the readily available and affordable biowaste precursors "maize
cob & wood waste." My main goal is to concentrate on a synthesis route that is straightforward,
affordable, and easily scale-able for commercial production. Another focus of my research is the
optimization of the synthesis conditions. By carefully adjusting the synthesis conditions, I
produced porous carbons having a high SSA. While simultaneously lowering the overall
production expenditure and environmentally viable. Utilizing X-ray diffraction (XRD), scanning
electron microscopy (SEM), elemental dispersive X- ray (EDX), Fourier transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA), Raman spectroscopy, and other
techniques, structural and morphological analysis of the synthesized biowastes-derived porous
carbons was done. The ultimate objective was to incorporate the nano-porous carbons derived
from biowaste into real- world applications, such as energy applications i. e. supercapacitors,

and to track the structural variables that influence its general performance in



the targeted application.
1.2 Nano-porous materials

Due to their numerous practical uses in energy storage devices such as lithium ion batteries,
lithium sulphur batteries, sodium ion batteries etc. Moreover, nowadays are being used in
supercapacitors, energy conversion in fuel cells, hydrogen storage, solar cells, and other
processes, nano-porous materials termed as more advantageous to 21% century technology [1].
Because of having special characteristics, nano-porous materials enable a diverse range of
applications. In general, macro-porous (>50 nm), mesoporous (2 nm to 50 nm), and

microporous (2 nm) types of nano-porous materials can be distinguished [2].

Mesopores

Macropores

Micropores

Figure 1. lllustration of the various pore configurations of a general carbon material.

The illustration of the different pore arrangements in acommon carbon material is shown in figure
1. Nano-porous carbons (NPCs), which are among the many porous materials, have drawn
attention from researchers because of their intriguing chemical and physical characteristics,
including their high surface area, high thermal and chemical stability, changeable pore structure,
excellent electrical conductivity, and widespread availability [3]. As a result, it has been crucial
to optimize the current synthesis process and introduce new synthesis methods for nano-porous
carbon. Conventional porous carbon materials, such as activated carbon, are frequently made by
subjecting organic precursors, such as coal, wood, or polymers, to pyrolysis or hydrothermal
treatment followed by chemical or physical activation at high temperatures [4]. Large-scale
production of porous carbon materials with large surface areas has led to their widespread use

in energy storage and conversion technologies [5].

Biomass has recently been used as an economical and environmentally friendly precursor for the
creation of nano-porous carbon [6]. The term "biomass" refers to materials that can be used to
synthesize carbon materials for a variety of applications that are derived from either plants or



animals, plants, animals, industrial processes, or sewage or municipal waste. These types of
biomasses are also referred to as lignocellulose and are composed of aromatic and carbohydrate
polymers (cellulose and hemicellulose). Because the biomass precursors are rich in carbon, they
can be synthesized to create carbon materials with unique properties.

The formation of high surface area and porosity in the carbon material is one significant
characteristic that is of high interest [7]. Direct pyrolysis or hydrothermal carbonization,
followed by activation of the carbon to significantly increase the surface area, are the two main

techniques for producing porous carbon materials.

1.3 Global Energy Demand

On the other hand, energy is the main force behind global economic and social growth that is
sustainable. Fossil fuels are the main primary sources for the industrial, transportation,
electricity, commercial, and residential sectors in the world, according to BP 2017 data [8],
which accounts for87% of global energy consumption in 2015. The World Energy Council
(2013) [9] predicted that, as a result of the growing global population, energy consumption will
nearly double by 2050 compared to today's levels. Global energy demand is being met by
cleaner energy sources thanks toa sharp rise in energy consumption worldwide and thedepletion
of fossil fuels. According to the most recent BP Energy Outlook 2017, the world's energy
demand is expected to rise by 30% by the year 2035, and renewable energy is predictedto grow
at the fastest rate (7.6% on average annually), coming from sources like solar, geothermal,

biomass, biofuels, and wind energy (Figure 2).
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Figure 2. Global energy consumption and shares of primary energy in 1965 to 2015 and projections

until 2035. [8]



According to Figure 3, the primary production of energy from renewable sources increased by
three times in the European Union (EU) countries in 2016 compared to its value in 1990. In
comparison to 1995, the EU projects that its renewable energy production from wind, biomass,
and hydro will increase by almost four times by 2020. In this situation, energy storage devices
like supercapacitors can help maintain a stable and safe electricity supply by balancing the power
grids. During the energy harvesting period, electricity from intermittent power sources, such as
wind, tidal, and solar power, can be stored in an energy storage system to maintain the supply

of energy to demand when the production falls below the consumption.

225

Mtoe

1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016
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=Wind power = Solar energy » Geothermal energy " Renewable wastes

Figure 3. Primary production of energy from renewable sources EU 1990-2016 [10]

Additionally, it is more practical to integrate smaller, lighter, and thinner energy storage systems
with today's electronic gadgets, such as laptops, smartphones, notepads, global positioning
systems, etc. In spite of power outages, users are still able to carry and use their portable

electronics.
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Figure 4. EU target for renewable energy production (1995 to 2020) [11]

1.4 Supercapacitor (Energy storage system)

The supercapacitor (also referred to as an electric double layer capacitor, or EDLC), which has
the potential in the aforementioned applications, is an energy storage system with a higher
cycling efficiency (98%), an improved power density, and a better cycle lifetime (10°) than
batteries.

In 2024, the supercapacitor market is projected to reach a value of $6 billion USD, with a 30%
compound annual growth rate over the following ten years, according to one of the European
market research firms, IDTechEx [13]. The market is anticipated to continue to grow in the
transportation and grid levelling sectors (Figure 5). The hybrid Toyota TS040 racing car can be
used as a temporary four-wheel drive by using an additional supercapacitor system to increase
the engine power from 530 HP to 830 HP. This application has been demonstrated in real-world

vehicle applications.
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Figure 5. Supercapacitor global market applications inthe year 2014 and 2020 [13]

1.4.1 Limitations of Supercapacitors

The Ragone plot for various energy storage systems is shown in Figure 5. The main drawback
of EDLC is that it has a lower specific energy than batteries. Supercapacitors currently achieve
specific energy levels of only 5-10Whkg™ [14, 15], which is 3 to 15 times less than that of
batteries. Various efforts are made to increase the energy density of supercapacitors in order to
realize their potential in a variety of applications. The electrochemical stability window (ESW)
of an electrolyte determines how much energy a supercapacitor can store.

A higher ESW electrolyte, such as an organic electrolyte (2.5V) or an ionic liquid (3.5V), is
being used to replace the electrolyte in supercapacitors as they are currently being developed
[16, 17]. In addition, various other forms of carbon, including graphene, carbon nanotubes,
carbon derived from carbides, and carbon aerogel, are also investigated for their potential as an
electrode material for energy storage systems. However, the majority of systems are constrained
by expensive production costs and challenges with mass production to meet commercial market
demand [18].
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Figure 6. Ragone plot (specific power against specific energy) for various energy storage devices [19]

According to the supercapacitor's energy storage mechanism, the specific surface area of
activated carbon has a significant impact on the device's capacitance (AC). However, there are
numerous carbon activation techniques to increase the surface area of AC. The majority of
recently reported activated carbons made from biomass are currently prepared through chemical
activation in order to increase surface area [20]. With chemical activation, however, irregular
morphology and structure of AC were seen [21]. Chemical activation also results in AC surface
doping, which makes it difficult to comprehend the actual charging and dischargingprocess of
supercapacitors. The post-process to remove the excess chemical from the AC also comes at an
additional cost. As a result of their disposal, some chemicals, like phosphoric acid or zinc salt,
may cause secondary environmental pollution [22].

Nowadays, ACs are typically produced for a reasonable price. A high-performance AC has a
production cost that is roughly half that of a supercapacitor [23]. Thus, one of the goals to satisfy
the enormous market demand in the future is to reduce the cost of producing high-performance
AC for supercapacitor applications. The preparation of AC from waste biomass as electrode
materials for supercapacitor applications has recently attracted research attention and has

demonstrated performance that is comparable to that of commercial supercapacitors.
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CHAPTER 2

Literature Review

The first part of this chapter focuses on the working principle of an EDLC, its configuration, and
typical performance assessments for an EDLC. This section reviews the electrolytes and electrode
materials as significant determinants of an EDLC's electrochemical performance. The most often
used active component in an EDLC electrode is activated carbon. Physical and chemical activation
methods, which are both often employed to prepare ACs from biomass utilized as carbon
precursors, are covered.

2.1 Working Principle & Properties of Supercapacitor

High-power electrochemical energy storage systems are known as supercapacitors,
electrochemical double-layer capacitors (EDLCs), or ultracapacitors. Due to the enormous surface
area of the active material in electrodes, supercapacitors have a substantially higher storage
capacity and energy density than regular capacitors. Although a supercapacitor's structure is
relatively similar to that of a battery, it differs from a battery in that supercapacitors store energy
electrostatically on the surface of the active material without using a redox reaction. Additionally,
as EDLC performs charging and discharging through simple ion adsorption and release without
needing any redox reaction, EDLCs offer higher charge-discharge rates (60-120 s). Additionally,
EDLCs have great cyclability (10° cycles), increased power density (more than 1000-1500 W.kg"
1y, and high cycling efficiency (98%) [24].
An EDLC is made up of two high surface area porous electrodes that are separated by a porous
separator and submerged in an electrolyte. Supercapacitor electrodes are often a blend of high
conductivity materials and AC with a polymer binder. In order to increase the conductivity of
electrodes with no more than 5% mass, carbon black (CB) is frequently employed as an addition
[25].

In the supercapacitor electrode, polymer binders such as polyvinylidene fluoride (PVDF),
polytetrafluoroethylene (PTFE), or nafion are frequently used. To prevent self-discharge and any
chemical reactions with the electrolyte while maintaining good ionic conductivity and ion mobility
during the charge and discharge process, the separator must be carefully chosen [26]. To conduct
the electrical current from each electrode in an EDLC, current collectors are crucial. As current
collectors for the energy storage system, metal foil or polymer-coated carbon can be utilized [27].
Due to its affordability, toughness, and stability in organic and ionic-liquid based (IL) electrolyte,

aluminium is a frequently utilized metal as the current collector for EDLC. Other metal current



collectors are also readily available, including nickel foils [28], copper, platinum, and stainless
steel. The strong chemical resistivity and electrolyte-corrosion resistance of the current collector

are the determining factors in its choice for EDLC.

Charging
‘ . -
Discharging
.-
v
\ Seperator ,/
Current collector and electrolyte

Figure 8. Charge storage mechanism of EDLC

When voltage is applied across an EDLC's porous electrodes, the positive electrode draws
electrolyte ions of the opposing sign, which cause charges to build up on the electrode's surface.
Meanwhile, the negative electrode draws positive electrolyte ions, beginning the charging process.
When the discharging process takes place, the EDLC releases energy. A pure EDLC typically
stores energy based on electric double-layer capacitance from charge accumulation on both
electrode surfaces without any charge transfer between the electrolyte and electrode interface.

A supercapacitor, also known as a pseudo-capacitor, can store energy in addition to having an
electric double layer characteristic by quickly reversible redox reactions occurring on the electrode
surface. When functional groups on the carbon electrode interact chemically and electrochemically
with the cell's electrolyte, pseudo-capacitance results [29]. By combining this effect with the EDL
capacitance, the specific capacitance of a supercapacitor can be further increased. The pseudo-
capacitance will show a strong peak at specific voltage values when the enthalpy of ion-electrode
interactions deviates slightly from its average value. The redox charging process is identifiable by
the prominent peaks (redox peaks) in cyclic voltammetry (CV) curves. The quick reversibility of
the reactions and lack of any phase change in the electrode molecules or chemical bond

distinguishes the faradaic reaction in supercapacitors from that in batteries.

The attachment of the de-solvated ions (redox ions) to the same charged electrode surface causes
the pseudo effect (shown in Figure 9). Additionally, there are ion pairs that exist in the solvent

(solvated ions) that may prevent ions from diffusing onto the electrode surface in capacitor
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devices [30].

Negative electrode
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Figure 9. Simplified diagram of a double layer with redox ions causes the faradaic charge-transfer of the
pseudo-capacitance.

2.1.1 The Double Layer Mechanism
The interfacial area between the electrolyte ions and the electrode determines how much energy

may be stored in EDLCs according to the electric double layer mechanism.

L

1 P

1

1
T 2
B =
o1 g
lﬂ 0

' @ 2

1

1

1

l‘ d =

'

Figure 10. The Helmholtz layer
In the pores on the surface of the active materials, the electrolyte ions disperse throughout the

separator and adhere to them. To improve energy storage, electrode materials with high surface

areas and suitable pore sizes that match the size of the electrolyte's ions are crucial [31, 32].
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2.1.2 Models of EDLCs
There are three models that are used to describe the behavior in EDLCs;

(a) the Helmholtz model,
(b) the Gouy-Chapman model and

(c) the Stern model.

The Helmholtz model, which depends on the concentration of the electrolyte and the size of the ion,
represents the double layer effect as two surfaces with opposite charges that are separated by a little
distance (Figure 9) [33].

The Gouy-Chapman model expanded on the Helmholtz model by taking into account the ion charge
distribution caused by thermal motion, sometimes known as a diffuse layer (Figure 10). The
performance of highly charged EDLCs, however, was overestimated by the Gouy-Chapman model.
The diffusion layer (CD) and the capacitive contribution of the Helmholtz layer (CH), which combine
the Helmholtz model with the Gouy-Chapman model, are two distinct regions of ion distributions
that were included in Stern's model.

—
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Figure 11. The Stern model

2.2 Two-electrode vs Three-electrode EDLC

To assess EDLC performance, symmetrical two or three-electrode cells are frequently used together.
A working electrode (WE), a counter electrode (CE), and a reference electrode (RE) are the three
electrodes that make up a three-electrode cell, which is typically manufactured for researchpurposes
[34]. The WE is typically coated with active substances like activated carbon or another type of
carbon that is being researched. A CE is an electrode that measures the WE's potential without

getting involved in the cell's electrochemical process. It is typically constructed of inert
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substances such glassy carbon, platinum, or gold. In order to prevent it from becoming the limiting
factor in the kinetics of the electrochemical reaction as the current flows between the WE and the
CE, a CE's total surface is higher than a WE's. While the WE is used to assess the potential of the
working electrode without passing current through, the RE is utilized to provide a stable potential

for controlled regulation of the working electrode.

Different capacitance values may result from how three-electrode and two-electrode cells are
configured. Three-electrode cell capacitance measurements are typically greater than those for

actual two-electrode devices [35].

WE | RE CE WE WE

Figure 12. Schematic view of (a) Three-electrode and (b) two-electrode cell setup.
The working electrode (WE), Reference Electrode (RE) and Counter electrode (CE)
Despite the lower capacitance value, the measurement of two- electrode cells more accurately
capture the functionality of EDLCs in actual use [36]. Figure 12 depicts a two-electrode cell with
two symmetrical functioning electrodes.

Suppose the mass of active electrode material as m, the capacitance of a single electrode (CE) is
equal to the specific capacitance (C3e) of the three-electrode cell, which can be calculated by
dividing by the mass of active electrode material as shown in Equation 1.

#C3z = Ce/m Equation 1

For a symmetrical two-electrode cell, which is equivalent to a practical EDLC, the total

capacitance (Ct2e) can be obtained using Equation 2.
£ Cpe = 1/Ce+1/Ce Equation 2

Since the mass from each electrode in the symmetrical two-electrode cell is equal, the

relationship of the capacitance from the two-electrode cell and a single electrode in the measured
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three-electrode as in Equation 3.

+1/Coe = 2/Ck Equation 3

By considering the specific capacitance of each electrode is identical, thus the specific

capacitance (C2e¢) of two-electrode cells as Equation 4.
+ Cy =Cp/2m=Cg/4m Equation 4

In this work, two-electrode EDLC was also assembled to reflect the efficiency of material as a

real commercial device.

2.3 The performance evaluation of EDLCs

Generally, the performance of an EDLC can be determined based on
(a) the capacitance,

(b) the powerdensity,

(c
d

(e) the equivalent series resistance (ESR) of the cell

)
) the energy density
) the cyclic stability,
)
An EDLC's capacitance is its capacity to store energy by building up electric charges on its surface
and electrodes. Equation 5 can be used to calculate the capacitance, where C stands for capacitance
(Farads), Q for charge (Coulombs), and V for voltage (Volts).

+ C=Q/V Equation 5
A high ESR value indicates that the cell has a high internal resistance (IR), which lowers
performance by manifesting as a high IR drop, noise, or high potential drop. The most popular
technique for determining the ESR is the IR drop from the GC test discharge curve [27]. By
applying Ohm’s law, the ESR can be determined using Equation 6.

+ Resr = AV/AI Equation 6

The performance parameters of an EDLC can be assessed using a variety of techniques in both
research and industry. Cyclic voltammetry (CV), galvanostatic charge and discharge (GCD), and
electrochemical impedance spectroscopy (EIS) are three of the evaluation techniques that are
frequently used to assess EDLC performance. Three fundamental factors can be used to compute
the equivalent series resistance (ESR), power and energy densities, and capacitance of an EDLC

(potential, current and time).
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2.3 Electrolytes
The capacitance of the EDLC is significantly influenced by the type of electrolyte used in the cell.

Electrochemical stability windows differ depending on the kind of electrolyte (ESW). The electrolyte's
ESW is the potential range in which an EDLC can function without its electrolyte oxidizing or
decomposing.

An electrolyte with a wider ESW hence produces more energy density. The choice of the electrolyte
also has a significant impact on other EDLC characteristics such internal resistance, rate of energy
release, operating temperature range, and cyclic stability [37]. The thermal stability and operating
temperature range of EDLCs can be significantly impacted by the solubility and viscosity of the
electrolyte. Aqueous electrolytes, organic electrolytes, and ionic liquids are the three main types of

liquid electrolytes used in EDLC applications.

lon size and the compatibility between pore size and ion size are additional elements that can have an
impact on the performance of an EDLC in addition to the ESW of the electrolytes [37]. There are,
however, few studies that examine the relationships between the effectiveness of EDLC and the pore
size of the electrode materials in various electrolyte systems. According to Zeller et al. [38], the
electrolytes utilized affect how much the effective surface area contributes to an EDLC's capacitance.
The specific surface area of the electrode materials in the acid-based electrolyte system determines the
capacitance of the EDLC. While with an organic-based system the capacitance is only dependent on
the exterior surface area. The results go against Zhou et al. [39] claimed, according to which the
specific surface area and high meso-porosity of activated carbon inorganic electrolyte-based

supercapacitors affect the specific capacitance.

2.3.1 Aqueous Electrolytes

Acidic, alkaline, and neutral electrolytes are different types of aqueous electrolytes. KOH [40-45]
and H2SO4 [45-49] are the electrolytes that are most frequently employed for EDLC research among
all other electrolytes in published literature. Due to their high conductivity, low cost, thermal stability,
and simplicity of assembly in the atmosphere, agueous electrolytes are appealing.

Compared to organic and IL electrolytes, aqueous electrolytes have a high conductivity. While
organic electrolyte TEABF4 /PC only displays ionic conductivity of 0.02 Scm™ [51], the ionic
conductivity of 30% H2SO4 electrolyte reaches a high value up to 1 Scm™ [50]. In an EDLC, the
increased ionic conductivity of the electrolyte results in a reduced equivalent series resistance (ESR),
which enhances power density and allows for quicker charge and discharge stages [29]. The narrow
ESW (1.299V) causes the operating voltage of an aqueous-based EDLCs to be comparatively low
(1V) [40]. Additionally, the aqueous electrolyte is readily electrolyzed to produce gases that might
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lead to issues like swelling. In order to prevent corrosion issues in the cell caused by the use of acid
electrolytes, it is required to employ cell components composed of gold or platinum. Additionally,
the operational temperature ranges are constrained to the freezing and boiling points of water.

There have been a number of reported attempts to increase the ESW of aqueous electrolytes. By using
the constant current technique, the ESW for an aqueous electrolyte containing 5 M LiNOs was
increased to 2.3V [52]. The combination of carbon nanotubes with MnO; has led to an ESW of 2V
for KNOg3 as a consequence of research into various electrode materials to improve the ESW of an
aqueous solution.

Although it is still below the ESW of commercially available organic electrolytes (2.5-2.7V), the
maximal ESW is still constrained at roughly 2V [54]. As of right now, the largest ESW of 3.2V was

reported utilizing a saturated sodium perchlorate aqueous electrolyte without emitting any gases [53].

2.3.2 Organic Electrolytes
The non-aqueous electrolyte is another name for the organic electrolyte. Organic electrolytes are less

expensive than aqueous electrolytes since they are compatible with the aluminium components of a
cell. Although compared to aqueous solutions, organic electrolytes are less conductive, more
expensive, and require a more involved assembly process, the majority of commercially available
supercapacitors use an organic-based electrolyte with a larger ESW [55]. Acetonitrile (ACN) or
propylene carbonate (PC) are typically used as solvents with organic electrolytes in the ESW range
of 2.5-2.7V in commercial EDLCs [37]. Despite ACN having a substantially lower internal resistance
than PC, PC is the preferred organic electrolyte for use [36]. According to Table 1, at a temperature
of 25 °C, ACN has a viscosity that is significantly lower than PC (0.3 mPa/s vs. 2.5 mPa/s). ACN has
significant toxicity and flammability issues, though. As a result, PC has been thought of as a safer
option to ACN. The water content must be kept below 5 ppm in order to operateat the maximum ESW

of electrolyte [56].
Table 1. Physical properties of PC and ACN with 0.65 M of TEABF, at 25 °C [37]

Type of Relative Viscosity Boiling Melting ~ Molecular lonic
solvent permittivity (cp) point point weight conductivity
(°C) (°C) (mScm)
PC 65 25 242 -49 102 10.6
ACN 36 0.3 82 -49 41 49.6

Generally, the aqueous-based EDLCs have higher specific capacitance than organic-based
electrolytes [38, 57]. For organic electrolytes, cation and anion sizes are bigger than for aqueous

electrolytes [37]. This may reduce the amount of electrolyte ions that can diffuse through carbon
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materials with pores smaller than their size. Therefore, to increase the specific capacitance
of an EDLC, it is crucial to have a pore size that is compatible with the electrolyte ions.

2.3.3 lonic Liquids

The ionic liquids (IL) having a low melting point under 100 °C are molten at room
temperature [58]. Typically, high asymmetric sized cations and anions make up an IL.
Through the modification of the substituent groups or the cation/anion pair, this special
combination enables ILs to fine-tune their physical and chemical properties [59-61]. ILs have
drawn a lot of interest as alternate electrolytes for EDLC because of their distinctive
characteristics [62—64]. The features of strong thermal and chemical stability, non-
flammability, and minor volatility are further benefits of ILs [35, 36]. Since IL-based EDLCs
have a broader ESW (3.5-4V) than all other types of electrolytes available for EDLCs, they
have been found to have higher power and energy densities than organic and aqueous-based
EDLCs [65].

However, the high viscosities and relatively low ionic conductivities of ILs (0.01scm™) [66]
prevent their practical application in commercial EDLC markets. As shown in Table 2, the
ionic conductivity of EMIMBF. is relatively high at 14 mScm™. In contrast to the conductivity
of organic electrolytes listed in Table 1, this is still significantly less. Additionally, the
viscosity of EMIMBF4 [55] is significantly larger than that of organic electrolytes based on
PC or ACN, each of which has a viscosity of 0.3 cp (Table 1).

Due to its low melting point of slightly over 273 K, ILs may be difficult to operate at low
temperatures. It is crucial to research how the size of the carbon electrode matches up with
the size of the ions in the electrolytes since at different temperatures, ILs contain varying
lengths of hydrocarbon chains and cations as well as varying sizes of solvated and un-solvated
ions [67]. Additionally, ILs are far more expensive than organic electrolytes and require a

complex handling process to guarantee there is no water present.
Table 2. Physical properties of EMIMBF,, IL at 25 °C

Type of Relative viscosity Boiling Melting Molecular lonic
solvent permittivity  (cp) [67] Point point weight conductivity
[68] (°C) (°C) (mScm)[69]

EMIMBF4 13.9+0.4 41 >350 15 197.97 141




2.4 Electrode Materials

The parameters of the electrode material employed have a significant impact on the capacitance and
energy storage of an EDLC. The specific surface area of the electrode has a significant impact on a
cell's capacitance, according to the double layer mechanism of EDLCs. The specific surface area of
the electrode materials does not, however, directly correlate with the observed capacitance [62, 64].
The capacitance in EDLC is not entirely caused by the surface area of the electrode materials. If the
carbon material's pores are smaller than the electrolyte ions and prevent the electrolyte ions from
being accessible [64]. The double layer capacitance is significantly increased by matching the pore
size of the electrode materials with the electrolyte ions [37]. Additionally, it has been discovered that
the functional groups on the carbon surface improve the wettability of materials and produce the
Faradaic effect, which is advantageous for EDLC performance [72]. In order to increase the
capacitance of EDLCs, different attempts have been made to develop novel electrode materials.

For EDLC and pseudo-capacitor applications, electrode materials fall into one of three main
categories:

(a) carbon-based,

(b) conductive polymer, or

(c) metal oxides.

Conductive polymer and metal oxide materials, which support charge storage and involve

reversible surface redox reaction, are regarded as Faradaic materials [70].

Table 3. An overview of electrode materials for EDLC and Pseudo-capacitor

EDLC Pseudo-capacitor
Activated carbon (AC) [12, 73- Conductive polymers [80]
75]
Graphene [76, 77] Metal oxides [81]
Carbon nanotubes (CNT) [78] Metal hydroxides [82]
Carbide-derived carbon, Carbon Functionalized carbon
aerogels [79] [83, 84]

2.4.1 Activated Carbon

AC with a large surface area is frequently employed in industries for applications like air and water
purification, food and beverage production, pharmaceutical development, and catalytic activity [85].

Coconut shells are used almost exclusively as precursors in the manufacturing of AC for
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supercapacitors. One of the best strategies to lessen the environmental impact of the disposal of
biomass wastes is to convert the waste into high-value items like AC with large surfaces.

Based on various experimental settings, physical activation and chemical activation are typically the
common active techniques to convert biomass to activated carbon. Chemical activation can be used
in either a one or two step technique to prepare AC. For the traditional physical activation approach,

pyrolysis or carbonization is followed by activation to prepare AC in a two-step process.

2.4.2 Carbonization

By pyrolyzing organic compounds without oxygen, carbonization is a thermal degradation process
that produces residues that are rich in carbon. The process results in the carbon-rich byproducts
known as char, bio-oil, and flammable gases. Before physical activation, the excess moisture and
volatiles in the biomass must be removed through carbonization. The energy required to dissolve the
chemical bonds in the biomass and create the basic carbon structure as well as the porosity on the
char is related to the carbonization temperature [86].

To regulate the yield and composition of the carbonized samples, many investigations have focused
on the carbonization temperature and heating rate [87]. According to a study, char made from rice
straw has reduced surface area when it is heated at a high rate and at a temperature of 900°C [88].
The specific surface area of the char increases from 398 to 555 m2.g when the heating rate of oil
palm frond fibre is decreased from 30 to 10 °C min‘t, according to a similar observation. The surface
area and pore volume of char made from eucalyptus, in contrast, were found to increase with the pace
of heating. According to Cetin et al. [89], a high heating rate caused the char to become reactive,
which resulted in increased porosity forming. Despite numerous studies on the impact of heating rate,

the structure and porosity of the char generation remain inconsistently understood.

2.4.3 Activation
By removing disordered regions and blockages caused by degraded volatile, the activation process

generates and improves the porosity of char. However, the characteristics of the precursors, the
carbonization conditions, and the choice of activation method all affect the activated carbon's increase
in porosity and surface area [37]. When making activated carbon, a variety of techniques are used,
including physical, chemical, physiochemical (a combination of chemical and physical activation),
and microwave-induced activation.

2.4.3.1 Chemical activation

To increase the surface area and pore volume of ACs, chemical activation is used. Chemical active
agents used in this process include phosphoric acid (H3PO4), zinc chloride (ZnCl2), sodium

hydroxide (NaOH), potassium carbonate (K2CQO3), ferric chloride (FeCls), and potassium hydroxide
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(KOH) [90]. The majority of chemical activation processes are one-step procedures, allowing for
simultaneous activation and removal of volatiles at a relatively low temperature in a single step. The
chemical works as a dehydrating or oxidizing agent during the activation process to speed up the
pyrolytic decomposition and lessen the creation of volatile compounds, which causes charring and
the formation of the porous structure. In comparison to those created through physical activation,
activated carbons (ACs) prepared chemically exhibit greater specific surface areas, a better porous
structure, and higher yields [91]. KOH is the most widely used chemical activating agent out of all
the others. High specific surface area and a clearly defined pore size distribution are produced by
KOH activation in AC [92]. Researchers still could not fully comprehend the precise activation
mechanism of KOH activation, though.

The chemical activation procedure has several other drawbacks as well, such as the corrosiveness.
Harsh chemicals can alter the structure and morphology, and chemical activation results in surface
doping and additional functional groups [93]. To eliminate surplus activating agent, additional
washing stage is required following the chemical activation process, which raises the cost of
producing electrode materials. As a result of their disposal, some chemicals, such as phosphoric acids
or zinc salts, may cause secondary environmental pollution [94].

2.4.3.2 Physical activation

Physical activation often involves a two-step procedure. In order to create activated carbon, raw
materials must first undergo carbonization to remove volatile components of the biomass. This is
followed by activation at a high temperature in the presence of an oxidizing agent, such as carbon
dioxide (CO,), steam, or air, which increases porosity and surface area. It is a highly endothermic
reaction that uses CO> to activate carbon in order to create carbon monoxide when reacting with

carbon. the carbon monoxide that results from the CO..

To develop carbon's porosity, the activation method causes a gasification reaction. High temperature
helps an oxidizing agent enter the char's interior structure and remove additional carbon atoms during

the gasification process, which causes the pores that are inaccessible to be opened and widened [94].
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CHAPTER 3

Materials & Methodology
3.1 Study Design

The research will be analytical in nature.
3.2 Sample Collection

Clean maize cobs blocks and pieces of wood waste used in this study were collected from
Punjab region, capital city of Pakistan ‘Islamabad’.

3.3 Required Chemicals
¢ Potassium Hydroxide (KOH)
¢ Hydrogen Chloride (HCI)

e Nafion

e Ethanol

3.4 Sample Preparation

3.4.1 Materials
Clean maize cobs blocks and pieces of wood waste used in this study were collected from a
local market (Islamabad, Pakistan). Potassium hydroxide (KOH), hydrochloric acid (HCI),
ethanol and deionized (DI) water were obtained from Sigma Aldrich (Czech Republic). Few pl
of Nafion was used. All chemicals and reagents are of analytical grade and have been used as
such with no more purification.
3.4.1.1 Preparation of pyrolyzed simple carbon materials (SC-C & SC-W)

Mechanically treated maize cobs had their inner pith removed. For the manufacture of carbon
materials, hardwood outer rings were employed for the study. These hardwood ring blocks and
wood pieces were further chopped into tiny pieces for the pyrolysis procedure. These maize
cob and wood chunks were pyrolyzed (or carbonized) for two hours at 700°C in a Protherm
tube furnace under an argon atmosphere (Ar). The system was then allowed to cool down to
ambient temperature while being continuously supplied with Ar gas. The so- produced charcoal
samples were referred to as simple carbon of maize cob and wood scraps (SC-C, SC- W).
3.4.1.2 Preparation of pyrolyzed KOH-activated carbon materials (AC-C & AC-W)

For the activation procedure, these prepared simple carbons made from maize cob and wood
waste were further ground in a ceramic mortar. The solution was then prepared in terms of a

4:1:1 ratio, 800 mg of potassium hydroxide (KOH), 200 mg of simple maize cob, had been
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dissolved on 80 mL of ethanol. In a separate beaker, the same suspension was made for wood
pieces by combining 800 mg of KOH with 80 mL of ethanol and 200 mg of the simple carbon
(in terms of 4:1:1 ratio).

The resulting suspension liquids were stirred for four to five hours at room temperature.
Following proper drying at 60 degrees Celsius for 24 hours in a vacuum oven, the produced
KOH activated suspension was dried by hot plate to evaporate the solvent (ethanol). These
obtained activated carbons of maize cob and wood pieces were denoted as AC-C, AC-W.
Additionally, the AC-C and AC-W were annealed in a Protherm tube furnace for two hours at
700°C under argon atmosphere (Ar). Later, the system was allowed to drop down to room
temperature with the continual flow of Ar gas.

3.4.1.3 Washing/Centrifugation of prepared KOH-activated carbon materials

The obtained samples of activated carbons (AC-C, AC-W) were then dried at 60 °C for 24
hours in a vacuum oven. Then, these prepared samples were washed many times with 3 M HCI
and deionized water (DI water) to eliminate the contaminants. Hierarchical porous pyrolyzed

KOH- activated carbons (AC-C, AC-W) were successfully produced as a result.

800 mg KOH,

: 80 mL ethanol,
Maize cob & 200 mg prepared carbon
wood scraps Tube (a:1:1) i Dlwater 3MHCI  Activated
:E” e furnace Anriealig carbons
,.";.\-_ aay 2hr A Grind Simple 4hr = 2hr Q’ Washing ™=

e e— —_— > > > > -
Y Z00°c ¥ - carbons - —

A

v 700°C .
‘ NG . -—
(Ar atm) (AC-C & AC-W)

2. Chemical (KOH) Activation

e

1. Pyrolysis/Carbonization

(Ar atm) (sc-C & SC-W)

3. Prepared Activated Carbons

Figure 13. Schematic illustration of preparation of simple carbon & activated carbons of selected
biowastes (SC-C, SC-W, AC-C, AC-W)
3.4.1.4 Preparation of Supercapacitor electrode

To make the supercapacitor electrode of corn cob, 1 mg AC-C, 10 uL Nafion, and 1 mL ethanol
was added into an Eppendorf to prepare homogenous suspensions (slurry prepared).
Respectively, slurry for electrode of wood waste (AC-W) was prepared in another Eppendorf.
The as-obtained mixed slurry was deposited on glassy carbon electrode, which was employed
as a current collector for further electrochemical characterization, after ultrasound and stirring
treatment.
3.4.1.5 Preparation of KOH electrolyte
To prepare 6M KOH electrolyte, 33.66 grams of KOH was measured and added into a beaker

22



with 66 ml DI water. The prepared 6M KOH electrolyte was used for three and two-electrode
testing where CV (cyclic voltammetry), GCD (galvanostatic charge-discharge), EIS
(electrochemical impedance spectroscopy) and cycle stability was done.

3.4.1.6 Characterizations of prepared materials

The material's crystallographic and composition information was studied using X-ray
diffraction (XRD, Hong Kong, China). The morphology of all prepared carbon materials (SC-
C, SC-W, AC-C, AC-W) was studied using scanning electron microscopy (SEM, JSM 6490A,
JEOL, Japan) and equipped with an energy dispersive X-ray spectroscope (EDX), Shanghai,
China) to study the elemental composition. Moreover, the pyrolysis process (TGA, TA
Instruments, SDT Q600, Shanghai, China) was studied using thermogravimetric analysis from
room temperature to 700°C with a temperature rise of 5°C per min and a nitrogen flow of 10
sccm. Fourier transform infrared (FTIR) spectra were carried out using a Thermo Scientific
Nicolet iS5 with wavelength range from 4000 to 400 cm™' to study the chemical composition
of prepared materials. Raman spectroscopy was used to evaluate the degree of functionalization
before and activation of all the prepared samples.

3.4.1.7 Electrochemical Characterization

The electrochemical characteristics of the as-obtained carbon materials were investigated in a
three- electrode setup employing them as a single electrode. The working electrode was the
glassy carbon electrode (GCE) coated with as-prepared slurry and left to dry it at room
temperature, the counter electrode was the platinum foil, and the used reference electrode was
the mercury electrode (Hg/HgO), respectively.

In order to evaluate the electrochemical characteristics i. e. CV, GCD, EIS, cycle stability of
the AC-C, AC-W, a CHI 760E (CH Instrument, Texas, USA) an electrochemical workstation
was used. Cyclic Voltametric (CV) analysis was done over a voltage span of OV-0.6V in
a 6 M KOH electrolyte at diverse scan rates ranging from 10 to 100 m V/s including 15, 20, 30,
50, 80, and 100 m V/s. The galvanostatic charge/discharge analysis was done at different
current densities i. e. 1, 2, 3, 5, 8, 10 A/g. Electrochemical impedance spectroscopy (EIS) was
done by above electrochemical operating station at a frequency of 1 Hz to 100 Hz in 6 M KOH

electrolyte. The 6 M KOH solution was used as an electrolyte for all the tests mentioned above.
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Figure 14. Schematic illustration of preparation of supercapacitor electrodes &

electrochemical characterization of prepared electrodes

Specific capacitances for GCD testing were measured as follows:
+ Cs=it/m.AV

Where, Cs is the specific capacitance (Fg —2),

i is the current (A),

t is the discharge time (s),

m is the mass of the electrode material (g) and

AV is the potential window (V)

Energy and power densities are calculated based on the following equations:
+ E=Cs/2AV?
+ P=E/t

Where, E is the energy density (Whkg ™) and P is the power density (Wkg™).

Equation 7

Equation 8
Equation 9
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CHAPTER 4

Results and Discussion

4.1 Structure analysis

The goal was to combine the numerous channels and pores found in selected biowastes with
the additional pores created during the pyrolysis/carbonization and activation processes of
hierarchically porous structure of pyrolyzed activated carbons. Pore diameters of the materials
are predicted to be covered by following the simple, eco-friendly and cost-effective two step
method. Different scales of pores diameter such as macroscopic macropores (10um-100nm),
dispersed mesopores (50-10nm), and abundant micropores (< 2nm) were encountered and
explained in a later section [95]. Electrolyte ions were transported and diffused efficiently
through pores of the appropriate size. Although macropores have a minor effect on capacitance,
they may operate as a ‘reservoir’ for the electrolyte. As it allows electrolyte to reach the
electrode surface fast. While micropores may increase the electrode's SSA, as a result increase
the contact area between the electrolyte and the electrode and it favors the electrochemical
capacitance. But when the micropore volume was exceeded, however, the ion conduction
resistance from the electrolyte to the carbon surface raised, results in a loss in capacitance.
Surprisingly, presence of meso-pores, especially when the diameter was >3 nm, promoted fast
electrolyte ion diffusion and provided enough electrolyte ion transport [96-99].

The hardness of corn cob and wood chunks used in the study is primarily made up of cellulose,
as well as several additional components such as hemicellulose and lignin [96]. Carbon
compounds with macro and meso holes inherited from natural biowaste sources are generated
through pyrolysis in a tubular furnace. Active sites and amorphous carbon on the inner wall of
the tracheid were oxidized by CO>, so that the blocked pores were opened, the original pores
were further enlarged and some new pores were created. Then the pores were created on the
tracheid wall by KOH activation, which strongly etched the tracheid wall of the carbon material
to create more micropores and nanopores. The introduction of surface oxygen groups on the
carbon samples treated by acid- KOH facilitates sufficient contact between the electrode
material and the electrolyte. Mechanisms of KOH activation based on activated carbon have

been addressed [100]. The reaction of carbon and KOH starts as;
6 KOH+2C —-2KyCO3+2K +3H>

Finally, a hierarchical porosity is formed as a result of the high specific surface area (SSA).
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4.1.1 Morphology and structural properties of electrode materials
The material characteristics of biowastes-derived all carbon materials (SC-C, SC-W, AC-C,
AC-W) was investigated using Raman spectroscopy, TGA, SEM, XRD, BET, and FTIR tests.

4.1.1.1 Scanning Electron Microscopy (SEM) & Elemental Dispersive X-Ray (EDX) The
hierarchical porosity (microstructure) of prepared carbon materials is systemically verifiedby
SEM images. It can be seen that the morphologies and porosity of these carbons are strongly
dependent on the pyrolysis temperature and activation process. The samples SC-C, SC-W
(Figure 3 (b, d)) show a relatively smooth surface with large numbers of macropores over which
a small number of etched pores were observed. Whereas, in comparison to SC-C, SC-W images;
the SEM images of AC-C, AC-W (Figure 3 (a, d)) clearly confirms the formation of micro-size
pores (micropores) and mesopores throughout the sample that might act as an ion buffer pool
and could significantly reduce the electrolyte-ion diffusion distance in the device. Two facts
can be derived from the observations are: 1) the mild KOH soaking, togetherwith the one-
step carbonization procedure, can effectively create porosity in the corncob and wood carbon
materials; 2) the degree of porosity can be readily controlled by the KOH soaking time.
Additionally, at the nano-scale, porous tunnel structures can be observed in the activated
carbons, which may result from etching of the carbon framework or the gasification of CO
evolved from K>COz [101]. The above observation clearly confirmed that KOH activation of
carbon results the formation of pores over the carbon materials. These abundant meso and

micropores contribute to a high surface area and prior capacitance behaviors [102].

The EDX data indicates that all the prepared samples are composed of carbon, oxygen, and
nitrogen (Table 4). EDX data confirms that the AC-C and AC-W has 80.3 and 79.6 wt % carbon
content, which is more as compared to simple carbons i.e. SC-C and SC-W having

70.1 and 64.6 wt %.
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Figure 15. SEM images of maize cob and wood scraps (a) AC-C (b) SC-C (c) AC-W (d) SC-W
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The EDX data indicates that all the prepared samples are composed of carbon, oxygen, and
nitrogen (Figure 16). EDX data confirms that the AC-C and AC-W has higher proportion of
carbon contenti. e. 80.3 and 79.6 wt% compared to simple carbonsi. e. SC-C and SC-W having
70.1 and 64.6 wt% (Table 1).

Table 4. Elemental composition of all prepared carbon materials

Elemental composition of AC-C

Element Weight % Atomic %
C 80.3 84.2

N 2.9 2.6

0] 16.7 13.2

Elemental composition of SC-C

Element Weight % Atomic %
C 70.1 76.2

N 8.3 1.7

0] 18.4 15.0

Elemental composition of AC-W

Element Weight % Atomic %
C 79.6 83.4
N 6.6 6.0
0 13.3 10.5

Elemental composition of SC-W

Element Weight % Atomic %
C 64.6 725
N 9.8 9.4
0 18.6 15.7
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4.1.1.2 XRD
The phase structures of AC and SC samples of both biowastes were characterized by XRD.
Figure 17 shows the XRD patterns of all the samples of study. Figure 17 exhibits two broad and
low intensity carbonaceous peaks of maize cob samples around 28° and 47° as well as of wood
scraps samples around 22° and 44° corresponding to the plane of graphite, demonstratingthe
formation of amorphous carbon and were matched with standard JCPDS No. 75-1621 [103].The
AC-C showed an additional peak at 15° (shown as *) indicates more oxygen functional groups
in the sample. The diffraction peaks associated to the intercalated K* ions werecompletely
disappeared when the carbonization temperature was raised such as in the case AC-C and AC-
W samples. Both the activated carbon samples show a broad peak at 28" (AC-C), 22°(AC-W)
and a weak peak at 47° (AC-C), 44° (AC-W) are attributed to the plane of the graphitic carbon
as shown in figure 8b [104, 105]. It must be noted that the high level of graphitization is greatly
beneficial to improve electrical conductivity and more defective (porous) sites for the
improvement of electrolyte ions adsorption [106]. The observed diffraction lines are
significantly broader that indicates the more amorphous and disordered nature of simple carbon

samples [107].
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Figure 17. XRD peaks of maize cob and wood scraps (a) AC-C, SC-C (b) AC-W, SC-W

4.1.1.3 Fourier Transform Infrared Spectroscopy (FTIR)

FT-IR spectrum of all prepared samples (AC-C, SC-C, AC-W, SC-W) was conducted to study

the chemical composition (functional groups) of samples at wavelength from 400 to 4000 cm™

1. The O-H stretching observed around 3395 cm™ was mainly attributed to chemisorbed water

Activated Carbon (b)
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Transmittance (%)

molecules and hydroxyl groups on the materials. And, the C-H the observed stretching around
2895 cm™. While the C=C stretching around 1625 cm™ are assigned to the characteristic olefinic
group it shows that the graphitization is very much increased for AC-C and AC-W. Compared
to SC-C and SC-W, the number of vibrational modes is largely diminished due to the reduction
of functional groups in the AC-C and AC-W [108].

Moreover, if compare the results of simple carbon and activated carbon, it is concluded that
peaks of AC-C and AC-W are higher over SC-C and SC-W. The distance between simple and
activated carbon is higher which indicates that AC-C and AC-W were successfully activated
by KOH.

On the other hand, if compare peaks of both the biowastes, then it can be concluded that there
is a huge difference/distance between SC-C and AC-C compared to SC-W and AC-W that
means AC-C can be considered as the best sample in terms of holding high conductivity

efficiency among others (Figure 18).
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Figure 18. FTIR spectrum of maize cob, and wood scraps (a) AC-C, SC-C (b) AC-W, SC-W
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4.1.1.3 Thermogravimetric analysis (TGA)
The TGA analysis of the prepared materials is displayed in Figure 19 (a, b). Considering the

AC-C, almost or less than 20% weight was lost at 40 °C and makes sure KOH activated sample

is more stable. While in case of SC-C, a major almost or less than 20 % or more weight loss

was detected at 40 °C or below 100 °C which explains large amount of moisture lost which was

adsorbed physically, then sample was stable temperature along a bit steady loss in weight up

until 400 °C which represents maybe water synchronized within the pores of the materials, and

then there was a major reduction in weight from 400 °C to 600 "C which can be explained by

the disintegration of the sample. Similarly, with carbon materials of wood scraps SC-W, AC-

W, the pattern of only AC-W represents an initial mass loss below 100 °C which attributes to

the loss of adsorbed water. Likewise, samples of maize cob, the second major mass loss starts

at 430 °C attributes to the disintegration of sample and loss of organic elements present in the

samples of wood scraps [108]. The weight-loss trend in carbon materials shows a sharp decrease

of weight after 430 °C, then there is a continuous gradual loss in weight until 580-750

°C which attributes to the gradual decomposition of sample.

Briefly, if compare the stability results of both biowastes (maize cob and wood waste). It is

concluded that there is no significant difference in thermal stability of both biowastes. But can

yet say, AC-C is more stable as having the TGA profile more in order when compared to other

samples indicating that the KOH activation results the formation of structurally stable carbon

atoms. Besides that, we can say that both biowaste carbon materials are stable till 430 °C while

after this range of temperature, both biowastes samples lost their stability and decomposed as

aresult.
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4.1.1.4 Raman Spectroscopy
Raman spectroscopy is a potential analytical tool to evaluate the degree of functionalization

before and after carbonization/activation in the bio-derived carbon materials (Figure 20).
Usually, the intensity ratio (ID/IG) of D band (ID) and G band (1G) reveals the degree of defective
nature and the extend of graphitization. The D peak is caused by out of plane vibrations related
to the existence of structural defects. Whereas the G peak is caused by in-plane vibrations of
sp? linked carbon atoms. The sp®/sp? carbon ratio is related to the D/G ratio. The Raman
spectrum of simple and activated carbons of maize cob is shown in Figure 20a. The two distinct
peaks which correspond to the D and G bands at 1351.21 and 1572.23 cm™ are shown for the
activated carbon of maize cob. The peak intensity of these two bands (D/G) is calculated to be
0.85 as an index to suggest the crystallinity and to estimate the defects of carbon compounds.
It indicates that the KOH-activation process increased the degree of graphitization by removal
of surface functional group and defect structure, which is in good agreement with the FT-IR
observations. While, 1330.23 and 1536.98 cm™ peaks are shown for the simple carbon of cob,
D/G is calculated to be 0.86. Likewise, in Figure 5b, two distinct peaks at 1330.21 and 1523.31
cm™ were observed for the activated carbon of wood and the D/G was found to be 0.86 while
at 1320.31 and 1513.21 cm™ are for the simple carbon of wood (D/G = 0.87). It also indicates
that in case of activated carbon of wood, KOH activation process increased the degree of
graphitization by removal of surface functional group. The D/G value 0.86 also indicating a
higher electronic conductivity. While in SC-C, D/G ratio 0.87 implicit that more lattice defects

emerged and lesser conductivity behavior [109].

To summarize, if compare Raman results of both biowastes, the highest intensity (ID/1G) ratio
of the wood waste material (SC-W, AC-W) suggests the AC-W has highest degree of the
graphitization or highest disordered carbon skeleton in the matrices compared to other
synthesized carbon material SC-W. So, it can be concluded that SC-W has lowest intensity
ID/IG ratio indicates that lowest degree of graphitization means less presence of deformity in
sample. It makes sure AC-C is the most efficient sample to be made as well as proved to have

higher conductivity among rest of others.
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4.2 Electrochemical capacitive performance of the prepared activated materials

4.2.1 Three electrode testing

The three-electrode testing was conducted to check the electrochemical properties of the
samples, CV curves and GCD curves were performed with 6 M KOH aqueous electrolyte in a
three-electrode system. Figure 21 (a, b) displays the CV curves of samples with a range of scan
rates of 10, 15, 20, 30, 50, 80 and 100 mV.s™! at the voltage window from 0 to 0.6 V. Obviously,
the CV curves of samples present a rectangular shape, indicating good electric-double layer
capacitance (EDLCs) characteristics. The area bounded by the CV curve of AC-C is distinctly
larger than the other (AC-W), demonstrating the best specific capacitance [110]. The enhanced
capacitance of AC-C compared with other sample AC-W is attributed to the appropriate
hierarchical pore structure and large SSA for easily electrolytes ionic transport and storage. The
CV curves of both activated carbon samples remain rectangular shape even at high scan rate of
100 mV.s™!, showing fast charge propagation kinetics with good reversibility. If compare the
CV results of both activated carbon samples (AC-C & AC-W); AC-C in conclusion has better
results compared to AC-W. Because in case of AC-C, the curves at 100 mV.s™* are higher than
AC-W peaks at 100 mV.s™,

The GCD curves of both activated carbon samples were investigated from 0 to 0.6 V at different
current densities 5, 8, 10, 20, 25 A.g"! shown in Figure 21 (c, d). The specific capacitance

values of AC-C are 535.75, 307.34, 214.28, 75.76 and 54.875 F.g™!, respectively, which are
calculated from discharge curves. On the other hand, the specific capacitance values for AC-
W are 135.64, 80.76, 70.36, 30.93 and 15 F.g"! which are lower in comparison to AC-C. In
comparison of both the samples AC-C and AC-W, the AC-C reveals a largest specific
capacitance, which is consistent with CV curves. The GCD curves show symmetric triangular
shapes and nearly linear potential-time behavior, further suggesting an ideal capacitive feature

and excellent reversibility [110].

In three-electrode system, when the current density increases from 5to 25 Ag~!, AC-C shows
98.79% initial capacitance retention shown in Figure 9 (f), suggesting an excellent rate
capability. After 10,000 cycles at 250 pA, the AC-C exhibits good cyclic stability with
99.81% retention of initial capacitance. It should be noted that the KOH activation shows a
good repeatability. While AC-W shows 95.43% initial capacitance retention and after 10k
cycles at 250 YA achieves 97.67% retention. So, in conclusion, the AC-C has excellent
capacitance retention compared to AC-W.
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4.2.2 Two electrode testing

4.2.2.1 Fabrication of symmetrical electrode system for device testing

A symmetrical SC was fabricated and measured in a 6 M KOH aqueous electrolyte in order to
check the real practical applications of AC-C and AC-W electrodes. The wide working voltage
window in the potential region of 0-0.6 V is a prerequisite for high energy density SCs. The
CV of both samples (Figure 22 a, b) was done in an aqueous electrolyte KOH at diverse sweep
rates (10 to 100 mV.s™!) and showed quasi rectangular voltammogram. Likewise, the GCD
(Figure 22 c, d) was done at diverse current densities exhibited a quasi-triangular curve which
again prove the EDLC nature of the device [111]. Notably, the AC-C symmetric SCs keeps a
good rectangular form even at 100 mV/s, indicating rapid charge transfer rate and excellent rate
characteristic. Fig. displays the GCD curves of the AC-C and AC-W at different current
densities display high symmetry at all current densities, indicating good kinetic reversibility
[112, 113]. In comparison of both the samples AC-C and AC-W, the AC-C reveals a largest

specific capacitance 347.71 F.g™" at 5 A.g™%, which is consistent with CV curves.

The electrochemical performance of supercapacitors based on the KOH-activated materials was
measured in a three-electrode (Fig 21e) as well as in two-electrode configuration (Fig 22e)in the
presence of a 6 M KOH aqueous electrolyte solution. Figure shows the Nyquist plots of AC-C
and AC-W as electrode materials in 6 M KOH, across a frequency range of 10 kHz to 100 kHz.
In the low frequency zone, there is a nearly vertical straight line (Cq)) indicating good EDLC
behavior [114, 115]. There's also a short 45° slope at the low frequency region describedto be
the Warburg impedance (W). It is reported that W is related to the diffusion of ions into the
pore channels of electrode materials [116, 117]. While at high frequency area, there are two
features: (1) solution resistance (Rs), including the intrinsic resistance of electrode materials,
ionic resistance of electrolyte and contact resistance between electrode and current collector;

(2) charge transfer resistance (Rct), showing as a small semicircle. The estimated values of Rs
and R¢tof AC-C and AC-W in three-electrode are 4.75 Q and 5.3 Q while in two-electrode are

5.2 Qand 6.1 Q, respectively indicating good conductivity in aqueous electrolytes (Table 4).
As the figure shows that the AC-C electrode has lower Rsand Rt than the other electrodes,
indicating that ion transfer at the electrode/electrolyte interface is improved. In the case of AC-

C, the slope above 45- can be attributed to the behavior of the ideal capacitor [118].
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Table 5. Resistance values of all prepared carbon materials

Electrodes (3E) Rs Rect ESR
AC-C 0.45 4.3 4.75
AC-W 0.8 4.5 5.3
Electrodes (2E) Rs Rect ESR
AC-C 1.0 4.2 5.2
AC-W 1.6 4.5 6.1
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Conclusion

The as-obtained ACs from maize cob and wood scraps were made in the current work using a
straightforward process and employed as electrode materials for EDLCs. The performance of the
electrode materials was shown to be highly influenced by the synthesis parameters of activation
temperature at 700 °C. When activated carbon from wood and maize cob was electrochemically
analyzed, an EDLC charge storage mechanism was shown, with specific capacitances of 535.75 and
135.64 F.g at5 A.g™%, respectively. Additionally, AC-C has great cyclic stability and rate capability,
with 99.81% of the capacitance remaining after 10,000 cycles at 250 pA. In comparison to wood
waste, corncob performed better. It can be due to larger aromatic rings of C=C, less moisture content
and rougher morphology with smaller particle size. This study reveals efficient method to reuse
waste materials but further studies related to optimization, underlying mechanism, and porosity
control on activated carbon can lead to enhanced performance of the EDLC supercapacitor.
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