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ABSTRACT

Supercapacitor is one of the great importance for the use of renewable energy
instead of fossil fuels.: Supercapacitor .or electrochemical capacitor has advantages
including 'high power density, high rates of charge/discharge, and long cycle life.
However, it is necessary to enhance the energy density for practical application. There
are two essential parameters to optimize: specific. capacitance value and potential
range of electrode. This research has focused on the enhancement of energy density
by nitrogen-doped activated carbons (ACs) derived silkworm pupae and Samanea
saman leaves, which are nitrogen-enriched agricultural wastes. The nitrogen-doped
ACs from silkworm pupae were conducted (P-ACs) via hydrothermal and chemical
activation by using zinc/chloride at 700 — 900 °C. The nitrogen content in the P-ACs
was approximately 3.8 = 6.4 at%, decreasing with activation temperature, while the
surface area was approximately-1062 - 1267 m? ¢, increasing with activation
temperature. The P-ACs synthesized at 800 °C showed the highest specific capacitance
of 92 F ¢! and the highest energy density of 18 Wh kg in organic electrolytes,
surpassing commercial ACs despite possessing smaller surface area. The high nitrogen
content enhanced the pseudocapacitance and improved conductivity of the ACs. On
the other hand, the nitrogen-doped ACs from Samanea saman leaves (SSL) were
conducted using a one-step chemical activation without carbonization process. The
ratio of SSL and sodium hydroxide of 1:2 showed the superior properties of ACs in

terms of a high surface area of 2930 m? ¢, a nitrogen content of 4.6 at%, a specific



capacitance of 179 F ¢! in organic electrolyte, an excellent cycling stability of 97.5 %
after 3000 cycles, an energy density of 79 Wh kg at a voltage range of 3.5 V. These
results imply that the direct activation of nitrogen-enriched SSLs offering the
advantages in terms of a short time, low cost and high energy density by enhancing

specific capacitance and voltage range.
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CHAPTER 1

INTRODUCTION

1.1 Significance of research

Nowadays technology has been rapidly developed, causing the significantly
increased demand for energy. The fossil fuel is a main.energy source for electric power
generation. However, the fossil fuel is a limited resource and shows negative impacts
of global warming. Hence, energy storage device is one of the great importance for the
use of renewable energyinstead of fossil fuels.Supercapacitor, known as an
electrochemical capacitor (EC), which bridges the gap between conventional capacitor
and battery, has the great advantages including a-higher power density, a higher rates
of charge/discharge, a longer cycle life than battery and a higher energy density than
conventional capacitor, and also green environment [1-3]. Supercapacitor consists of
three important parts: (i) two - electrodes using mainly “carbon materials for ion
adsorption storage, (i) -a separator to protect electrodes from shorting and (i) an
electrolyte containing cation ;and anion ions. According to the energy storage
mechanisms, supercapacitor is divided to three types; (i) electrical double layer
capacitor (EDLC) storing. energy via electrostatic ~intercalation between the
electrode/electrolyte interface by using ion adsorption, (ii) pseudocapacitor storing
energy via faradic reaction process by using fast surface redox reactions, and (iii) hybrid
supercapacitor incorporating the synergistic effects between EDLC and
pseudocapacitor [4]. Hence, activated carbon (AC) with high specific surface area is
known well as a crucial role in technology for electrode materials of supercapacitor
owing to their several functionalities, high surface area, good chemical properties,

electrochemical stability and relatively low cost [5]. Generally, the performance of



supercapacitors depends on the capability of carbon materials and the ion transport.
Normally, ACs are derived from carbon-rich organic precursors, for example, coconut
shell and wood, to develop the surface area by carbonization treatment process and
followed by physical and/or chemical activations. However, ACs have several
drawbacks, such as decreasing of electrical conductivity when surface area increased
due to its pore tortuosity and poor pore connectivity. Therefore, a great enhancement
in capacitance of ACs can be reached by enhancing faradaic reactions and wettability
of pore walls via the heteroatom doping such as oxygen and nitrogen [6-9]. The
nitrogen-enriched carbons can be obtained by ammeoxidation of nanoporous carbons
or treatment carbon materiats by nitrogen-based gases or chemicals. Nevertheless,
these methods are complex and toxic. Thus, the in situ-self-doping by using the
nitrogen- rich biomass as a raw material has been the ¢reat of attraction as a renewable
and environmental-friendly resource. Moreover, biomass is a class of low-cost carbon
precursor with diverse microstructures.

Recently, improvement of @ capacitive performance of supercapacitor is
necessary. to enhance' the “energy density for the practical application. Thus, by
selecting appropriate carbon raw materials, the ACs with a controlled microstructure
and doped with-the required heteroatoms could be obtained. For example, nitrogen-
doped ACs have been successfully synthesized from nitregen-containing plants and
animals such as green leaves, soy beans, yogurt, endothelium corneum gigeriae galli
and silk cocoons [10-14]. However, nitrogen content of nitrogen self-doped ACs derived
was relatively low compared with the post treatment method due to low nitrogen
content in raw materials and loss of nitrogen during preparation process.

This research has focused on the enhancement of energy density by nitrogen-
containing ACs derived from silkworm pupae and leaves, which are nitrogen-enriched
agricultural wastes. The nitrogen-doped ACs from silkworm pupae were conducted via
hydrothermal and ZnCl, chemical activation. The activation temperature was

optimized. On the other hand, the nitrogen-doped ACs from Samanea saman leaves



(SSL) were conducted using a one-step activation. The weight ratio of chemical reagent
and SSL was optimized. The properties of ACs in terms of morphology, surface area,
porosity, chemical composition were investigated. Finally, the electrochemical
properties were characterized. The working potential range was extended by using

organic electrolytes compared to the aqueous electrolyte.

1.2 Objective of the study

1.2.1 To enhance the energy.density of supercapacitor by increasing capacitance
and voltage window
1.2.1.1 To'enhance of the specific capacitance value by nitrogen-enriched ACs
1.2.1.2 To increase the potential range of supercapacitor by nitrogen-enriched ACs
1.2.2 To synthesize high nitrogen-self-doped ACs by. using high-nitrogen-containing
agricultural wastes as a starting materials and one-step activation
1.2.3 To-study the characteristics of ‘the nitrogen self-doped ACs derived from
sitkworm pupae and Samanea saman leaves including the relation between material

characteristics and electrochemical properties.

1.3 Scope of the study

1.3.1 Preparation of nitrogen self-doped ACs derived from silkworm pupae by using
hydrothermal and chemical activation process

1.3.2 Synthesis of nitrogen self-doped ACs from leaves by using one-step activation

1.3.3 Measurement and comparison of electrochemical properties of
supercapacitor based on nitrogen self-doped ACs using agueous and organic

electrolytes



1.4 Thesis structure

This thesis is composed of six chapters as shown in Figure 1.1. Chapter 1 describes
the significance of research, the objective and scope of this study. Chapter 2 describes
theory related on fundamental of supercapacitor, synthesis and properties of ACs and
literature reviews on ACs derived from agricultural wastes. Chapter 3 explains the
characterization techniques of electrode material and electrochemical properties.
Chapters 4 and 5 present the experimental methodology, results and discussions of
nitrogen self-doped ACs derived from-sitkworm pupae and Samanea saman leaves,
respectively. Finally, Chapter 6 summarizes the findings from this research and

suggestions for the future work.
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CHAPTER 2

THEORY AND LITERATURE REVIEWS

2.1 Comparison of energy storage devices

Supercapacitors (or ultracapacitors or electrochemical capacitors) are an energy
storage device based on charging/discharging at the electrode/electrolyte interface of
electrode materials. Supercapacitors have bridged the gap between batteries and
conventional capacitors. Their performance comparison is. shown in Ragone plot as
shown in Figure 2.1 [15]. Supercapacitors show the great advantages including a higher
power density than-batteries and a higher energy density than capacitors. However,
supercapacitors suffer from their lower-energy density, whereas batteries exhibit a
higher energy density. Moreover, supercapacitors can offer a long cycle life, a very fast
charge and discharge time (second to minutes) and also environmentally friendly.

Table 2.1 shows a comparison of capacitors, supercapacitors-and batteries.

1000
5. . | FER.
= 100 ~ Conventional
% batteries 1 hour 1 second
> 108 1\ SV g
- 10 hours ' -
(= ]
§ 0.03 second
8 01 c |
g e

0.01

10 100 1000 10000
Power density (W/kg)

Figure 2.1 Ragone plot comparision of energy storage devices [15]



Table 2.1 Comparison of energy storage devices

Characteristics C:azpa.citez?s S-upercapaci;tér:é' | Batteries
Electrode N AL,. Ta oxide Activated carbons Pb, Ni-Cd, and Ni-
materials MH
Storage Electrostatic Electrostatic Chemical
mechanism
Energy density < 0.1 1-10 ~20 - 150
(W h kg™
Power density >>10,000 500=-10,000 <10,000
(W kg
Discharge time 10 - 103 seconds | Seconds to minutes . | 0.3 - 3 hours
Charging time 10~ 107 seconds )| Seconds to-minutes |.1.— 5 hours
Cycle life{gycles) | >>10° >10° ~1500
(>>10 years) (>10 years) (~3 years)
Maximum voltage | High <3=14 Low
Charged storage Between charged Interface of Entire electrode
plates electrode/electrolyte
Parameter to | - Geometric area of | - Electrode = Active mass
demine properties | the electrodes microstructure 1
- Dielectric - Active surface area | Thermodynamics
constant - Type of electrolyte

2.2 Basic structure of supercapacitors

Figure 2.2 represents the basic structure of supercapacitors. Supercapacitors
consist of three main parts: (i) two electrodes such as activated carbons to absorb and
storage ions, (i) separator based on an ion-permeable membrane to prevent two
electrodes from shorting together, and (iii) electrolyte contains free mobile ions. Before
charge state, positive and negative ions are uniformly dispersed in the electrolyte and
there is no electric field at the electrode surface. When a voltage is applied, the ions

in the electrolytes are attracted to the oppositely charged electrode. Energy is stored



as a charge separation in double layers, so called electric-double layer capacitors
(EDLCs), formed at the interface between the surface of the electrode material and
the electrolyte.

separator

Current collector
Separator 1

* ® I w* Charge ® %”I &
+ ® * Discharge & ® S\
‘e | o o(5)
Negative electrode
Electrolyte
Pagitive electrode oy
E Nanoporous
carbon

Figure 2.2 Charged and discharged states of a supercapacitor [15]

2.2.1 Electrode materials

Normally, the electrode materials are pasted on the conductive collectors.
The electrode materials absorb and storage-ions which are mainly carbon materials.
Supercapacitors utilize the great properties of carbon materials, including large surface
area, relatively good electrical conductivity, excellent-chemical stability, and low cost.
Carbon materials ranging from conventional activated carbons (ACs) to nano-scale
carbon materials such as graphenes and carbon nanotubes have been evaluated as
electrode materials for EDLCs as shown in Table 2.2. Among carbon materials, ACs are
the most widely used as electrode materials in commercial EDLCs. ACs are attractive
materials for EDLCs preparation owing to their extremely high surface area. In theory,
the higher the surface area, the higher the specific capacitance of supercapacitor.

Aspects such as pore size distribution, material precursor, electrolyte ion size, surface



wettability, and pore accessibility need to be considered when evaluating a potential

electrode material.

Table 2.2 Properties of carbon materials used as electrodes in EDLCs

Activated carbon (ACs) 1000 = 3000 200 - 400 100 - 150

Templated carbons 500 - 2500 120™=35Q 120 - 135
Carbon nanotubes (CNTs) 120 - 500 20= 180 20~ 80
Carbide-derived carbons 1000 - 1600 - 100 - 140

*SSA: Specific surface-area and C¢: gravimetric capacitance values.

2.2.2 Electrolytes

The electrolyte is one of the key components of supercapacitor, providing
ionic conductivity and facilitating charge compensation on each electrode in the cell.
Generally, the electrolytes used in EDLCs can mainly be classified into three types: (i)
aqueous electrolyte, (i) organic electrolyte, and (i) ionic electrolyte (ILs). Recently, the
electrolytes for supercapacitor have developed «for new ‘and high-performing
electrolytes to obtain a high voltage, high ionic conductivity, low viscosity, a wide
working temperature range, low toxicity and low cost. Table 2.3 shows the comparison

of each electrolyte [16, 17].
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Table 2.3 Comparison of each electrolyte

Voltage window
%12 2.5-2.8 3-6
V)
lon size Small Moderate Small
lonic conductivity
Upto ~1 ~0,01 =0.05 < 0.015
(Secm™)
Viscosity
Low Moderate/High High
(cP)
Cost Low Moderate/High Very high
Assembly condition Air Inert atmosphere ! Inert atmosphere
Toxicity Low Moderate/High Low

2.2.2.1 Aqueous electrolytes

In general, the aqueous electrolytes are grouped into acid, alkaline, and natural
solutions, such as H,SO,, KOH and Na;SOq, respectively. The aqueous electrolytes have
a limited voltage range with a relatively low decomposition of water at voltage of
~1.23 V [16]. However, the advantages of the aqueous electrolyte are inexpensive, high
ionic conductivity (up to ~1 S'em™), smaller agueous ions and easy handling in the
normal environment condition especially assembly process. The specific capacitance
(F ¢! of carbons in the aqueous electrolytes is relatively high compared to other types

of electrolytes.

2.2.2.2 Organic electrolytes
The specific capacitance in the organic electrolytes are normally lower than

those in the aqueous electrolytes due to their larger solvated ion sizes and lower ionic



i

conductivity. However, the organic electrolytes are attractive in commercial
supercapacitor market owing to their high operating voltage in the range of 2.5 to 2.8
V [18]. The organic electrolytes also have disadvantages in terms of toxicity,
flammability and a complicated purification process under strictly controlled
atmosphere to avoid the moisture. Currently, efforts have been done to for nontoxic
organic electrolyte and good ion conductivity. The most popular of the organic
electrolytes is tetraethylammonium tetrafluoroborate (TEABF,) in propylene

carbonate, which has ion size as shown in Table 2.4.

Table 2.4 The ion size of TEABF, in PC

> 133 0.67

1.40 0.48

2.2.2.31onic liquid (IL) electrolytes

The-ionic liquid (IL) electrolytes have recently gained significant interest
as alternative electrolytes for EDLCs [19].The IL electrolytes are solvent-free molten
salts or fused salts at lower or room temperature, possess high thermal and
electrochemical stability over 3 V.(3 - 6 V), and.exhibit negligible volatility. The main
IL electrolytes for supercapacitors are pyrrolidinium, imidazolium or aliphatic
quaternary ammonium salts coupled with such anions as PF4 BF,, TFSI, or FSI.
However, the disadvantage of the IL electrolytes are high viscosity, very low ionic
conductivity and high cost due to a stringent requirement to manage and control

preparation processes.
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2.2.3 Separator

The separators play a key role in supercapacitor. Their main function is to
prevent two electrodes from shorting circuits and allow rapid transport of electrolyte
ions. The requirement of separator is a very thin sheet, non-conductive and the
capability of conducting ions by either intrinsic ionic conductor or by soaking
electrolyte. A separator is a porous membrane which is made of polymer or paper,

permeable to ionic of electrolyte flow.

2.3 Type and working mechanism of supercapacitors

Supercapacitors are divided ‘into three categories based on charge storage
mechanism ‘and construction: (i) electric. double-layer capacitors (EDLCs), (ii)

pseudocapacitors and (iii) hybrid capacitosr.

2.3.1 Electric double-layer capacitors

The EDLCs have been first introduced by von Helmholtz who first
developed and modeled the double-layer concept. The Helmholtz concept explains
that a charged surface immersed in an electrolyte solution (bothanions and cations)
and then the charges at electrode surface and ions form ‘@ monolayer near the
electrode surface. - Two  planar oppositely charged: layers- are formed at an
electrode/electrolyte interface and are separated by-a small distance d, implying as
the radius of an ion (an atomic distance) as shown in Figure 2.3(a) [20]. After that, the
Helmholtz model was refined by Gouy and Chapman. They proposed that the ion
distribution should be continuous in the electrolyte solution and given by the
Boltzmann distribution. The Gouy-Chapman model identifies that ions are mobile in
the electrolyte solution under the combined effects of ion diffusion driven and so-
called “diffuse layer” as shown in Figure 2.3(b). In 1924, Stern remodeled by combining
the Helmholtz model and the Gouy-Chapman model and recognized two regions of

ion distribution at the electrode electrolyte interface: (i) inner region of d called the
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compact layer (or Stern layer) or inner Helmholtz plane (IHP) and (ii) outer region called
a diffuse layer or outer Helmholtz plane (OHP) as shown in Figure 2.3(c). In stern layer,
ions are strongly adsorbed by the electrode. In diffuse layer, ions are a continuous
distribution of electrolyte ions in solution driven by thermal motion. Hence, the
capacitance of EDLCs (Cyq) are composed of two terms, the stern double-layer
capacitance (Cy) and the diffuse region capacitance (Cgg). Thus, Cy can be presented

by the following equation:

1 1 (2.1)

Cai Cy i Caite

The parameters that determine EDLC behavior are the electrode materials,
electrode area, electric field-across the electrode, and/types of electrolyte ions (ie.
solvent in electrolyte, size, electron-pair and dipole. moment). Generally, the electrode
material with a highly porous with a high specific surface area resultsin the complex
EDLC behavior at pore surface of electrode material. The working principle of EDLCs
can explained- that (i) before charging, electrolyte ions (positive -and negative) are
uniformly dispersed without electric field. at the electrode surface. (i) A voltage is
applied and the ions are attracted to the electrically opposite electrode. Energy is
stored as a charge separation in _double layers formed at the interface between the

surface of electrode material and the electrolyte.
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Figure 2.3 Model of the EDLCs: (@) Helmholtz model, (b) Geuy-Chapman model and
(c) Stern model [20].

2.3.2 Pseudocapacitors

Pseudocapacitors: represents a different - kind of = capacitance.
Pseudocapacitance involves fast and reversible redox reaction between electro-
active materials —electrolyte on the electrode surface. One of the most active
materials is the transition metal oxide (such as ruthenium oxide) and conductive
polymer (such as polyaniline (PANI) and polypyrrole (PPy)). The advantages of the
pseudocapacitorsare. higher ' specific capacitance than EDLCs owing to the
additional performance of active material providing a pseudocapacitive property.
For example, amorphous hydrous ruthenium oxide (RuO,-xH,0) exhibited a high
specific capacitance (720 F g) [21]. The redox reaction of ruthenium oxide is as

follows:

RuOy(OH)y + 8H* + 8e™ & RuOy_s(OH)y .5 (2.2)
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where RuOy(OH)y and RuOy_g display the interfacial oxyruthenium at higher and
lower oxidation states. The proton of H,SO, and the faradic charges can be reversibly
stored and delivered through the redox transitions of the oxyruthenium groups.
However, EDLCs and pseudocapacitors also have different advantages, i.e. the EDLCs

have a higher power output but pseudocapacitors are greater in term of energy density.

2.3.3 Hybrid supercapacitor

Hybrid supercapacitor-is combined between EDLCs and psedoucapacitors.
Electrode materials used in hybrid supercapacitor are.based on porous carbons
composited with metal oxide and porous carbons composited with conductive
polymer. The electrical energy of hybrid supercapacitor stores by combining between
redox reaction electrode and electric double-layer absorption—desorption for others
electrode. The advantages of hybrid supercapacitor are relatively great in energy and
power densities and good cycling: However, almost of every performance is the
intermediate level.

The comparisons of each supercapacitor are shown-in Table 2.5.
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Table 2.5 Comparison of each type of supercapacitors

Charge separation

Reversible surface electrode and electric
at the electrode/
Mechanism Faradic redox double-layer
electrolyte
reaction absorption/desorption
interface
for others electrode

N Porous carbon,
Transition metal

Porous carbon graphene, metal
Materials oxide, conductive
materials oxide, conductive
polymer
polymer
High power density, Relative high energy
High capacitance,
Advantage | good cycling and power densities,
high energy density
behavior good cycling

“Almmost of every
Disadvantage | Low energy density Poor cycling performance is the

intermediate level

2.4 Activated Carbons

Activated carbons (ACs) is known as high specific surface area, These are used in a
wide range of applications concerned principally ‘with the removal of species by
adsorption from the liquid or gas phase. Hence, ACs have attracted significant scientific
interest as the electrode materials for all types of supercapacitors, especially in EDLC
type because of their high surface area, good chemical and electrochemical stabilities.
ACs derived from a number of raw materials including agricultural wastes, coal, animal,
wood, and synthetic polymer. These raw materials are synthesized to a number of

different activation methods such as physical, chemical or combined activations to
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afford porous carbon with the high adsorption capacity for a particular application as

shown in Figure 2.4.

Raw material
Carbonization

i

Activation

I

Physical activation i |Chemical activatiorﬂ Combination between
Physical + chemical activation

Figure 2.4 Process flow diagram of ACs production

2.4.1 Preparation method of activated carbons from biomass

1. Preparation of raw material
Prior to carbonization process, raw materials or biomass materials were

blended into small pieces after drying.

2. Carbonization process

Carbonization process is based on the thermal breakdown of biomass
included pyrolysis and -hydrothermal processing. During the thermal pyrolysis under an
inert atmosphere, the moisture.and the volatile- matter contents of biomass are
removed and remaining solid char which displays properties different from the raw
biomass materials. The products obtained as a result of pyrolysis are very depending
on several factors, such as biomass type, heating rate, pyrolysis temperature, time, and
the presence of catalyst.

Hydrothermal carbonization process is a crucial thermo-chemical
conversion used to convert biomass into carbonaceous products. This process is an

environmentally friendly and inexpensive technique. The hydrothermal carbonization
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process can be operated at temperatures range of 150-200 °C and get rid of oxygen
from biomass. One of the most important advantages of this procedure is able to use
biomass with high moisture content under pressure without the need for pre-drying
and allow for a higher product yield. Biomass can be converted into the carbonaceous
product by changing operating parameters variables such as temperature, time,

catalyst presence and pressure as shown in Figure 2.5.

— ——
e = Residence
e time
Blomass] Hydrothermal Hydrachar for activated
carbonization f—*  carban synthesis
Carbohydrates Y
Reactants Catahyst & /
conteptration proeegsing Dﬂn'ty
\_ s
o~ >

P — =

Figure 2.5 Parameters influencing hydrothermal converting of biomass [20]

3. Activation process

Generally, there are two methods for activation process, physical

activation, and chemical activation.

(3.1) Physical activation

Physical activation is generally- conducted in the presence of air, steam or CO,.
Air activation is conducted under a relatively tow. temperature <500 °C. The air
activation step has been exhibited to-deminant the porous properties of biomass-
derived carbon. The steam activation process is combined with pyrolysis as single step.
It can generate high oxygen-containing group on surface, which lead to a poor electrical
conductivity of the resulting carbon. CO, activation is the most commonly used
physical activation process, which is controlled gasification of a char with CO, gas at

high temperature (800 — 1000 °C)



19

(3.2) Chemical activation
KOH or NaOH activation is the most often used chemical for activating
biomass- derived carbons. In a general view, the development of a large surface area
and high porosity in KOH-activated carbons is the result of the synergistic,
comprehensive actions, including chemical activation and carbon lattice expansion by

metallic K intercalation. The reactions of KOH and NaOH are shown as follows:

6KOH + 2C —» 2K + 3H, + 2K;,CO0, (2.3)

6NaOH + 2C = 2Na + 3H, 4+ 2Na,CO3 (2.4)

ZnClyactivation is another commonly used chemical activation agent for
converting biomass-derived carbons into porous ACs. It acts as a dehydrating agent
during the activation process and it' also has a deoxygenation effect at high

temperatures by removing oxygen in the form of water. The reactions of ZnCl; is shown

as follows:
2ZnCl; + 2C;H;0H - 2C,;H;Cl 4+ Zn0 4+ H;0 300 — 600 °C (2.5)
Zn0+C—->Zn+CO > 800 °C (2.6)

Moreover, microwave-induced activation is another activation approach. It
combines between physical and chemical activations (called “physiochemical

activation”)
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2.4.2 Pseudocapacitve effect of heteroatoms in the carbon network

A significant enhancement in capacitance can also be obtained by using
different types of faradaic reactions based on the oxygen and nitrogen content in the
carbon network. Pseudocapacitive effects relate to the rapid faradaic reactions of
appropriate functional groups and modification of electronic structure by the doped
carbon.

1) Oxygen-doped carbons

The improvement of capacitance can obtained from the oxygenated
function in the carbon network owing to additional pseudo-capacitance as well as
conductivity improvement. Examples of the oxygenated functionalities are O-C-O in
carboxylic, O-C-O/C-OH in ester or phenol, and C-O in carbonyl/quinene. The content

of oxygen functional eroups included in each AC is different.

2)' Nitrogen-doped carbons
The Nitrogen is the heteroatom in the carbon network, Nitrogen can replace
carbon (so-catled “lattice nitrogen’’), and bonds in-the functional groups (so-called
“chemical nitrogen’’) at the edge of aromatic ring structural units, as shown in Figure
2.6 [8]. Examples of the nitrogenated functionalities are pyridinic nitrogen (N-6),
pyrrolidonic nitrogen (N-5),-quaternary- nitrogen (N-Q), and -oxidized nitrogen (N-X),
respectively. The N-X content can improve electronic'conductivity and enhance in

capacitance by the wettability properties.
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Figure 2.6 Nitrogenated functional groups-in the carbon network (a) pyridinic
(N-6); (b) pyrrolic (N-5); (c) pyridonic (N-6) (d)-quaternary (N-Q); and (e)
oxidized nitrogen (N-X) [8].

Normally, N-5"and N-6 lie‘at the edges of the eraphene layer, where a nitrogen
atom is bonded to two carbon atom, and can induce pseudocapacitance property.
According to; N-5and N-6 has a lone electron pair in the plane of ring as the acceptor
and can accept the donors, causing the faradic reaction for ~contributing to
pseudocapacitance as shown.in Figure 2.7 [14]. In the case of N-Q group, nitrogen atom
takes the position inside an aromatic ring (so-called graphitic N) with sp? hybridization
and saturated bonding, enhancing the electrical conductivity of carbon materials as
displayed in Figure 2.6. The N-X is-oxidized pyridine nitrogen atom, providing positively

charge. ACs obviously-improve
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Figure 2.7 Schematic view of the effect of the properties of the N-5, N-6,

N-Q and N-X on the charge transfer resistance [14].

The enhancement of capacitance with the nitrogen content in agueous
electrolyte (H,SOq) is explained by pseudo-redox reactions owing to the nitrogenated

functional group as shown in equations (2.7) and (2.8) and Figure 2.8.

C* =NH+ 2e"+ 2H*'-» C’'H= NH, (2.7)
C* = NHOH 4 2e™ 4 2H* - C*—= NH; + H,0 (2.8)

Where C* stands for the carbon network.
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Figure 2.8 Scheme of a possible redox reaction related with pyridinic,

pyrrolic and pyridone types (8]

2.4.3 Literature reviews on pseudocapacitive effect of heteroatoms-

doped electrodes

Table 2.6 summarizes the capacitive performance of the previous works
based on ACs derived from biomass precursors and compares effect of nitrogen doping.
ACs without ‘nitrogen doping can achieve high specific capacitance due to their high
surface area. In_contrast, nitrogen-doped ACs can achieve high specific capacitance,
even their low surface area. Possible explanation for an'increase in the capacitance of
the nitrogen-doped ACs is the faradic reaction of the heteroatom-containing functional
groups. The nitrogen-doped-ACs can be ‘obtained either by post-treating carbon
materials with nitrogen-based gases such as ammonia or chemical reagents or self-
doped nitrogen using nitrogen-containing precursors. However, post treatment method

is complex, toxic and high cost.
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Table 2.6 Literature reviews of supercapacitor based on ACs derived from biomass

Banana be nCLz 1097 - 296
Bamboo KOH 1293 - 67 [23]
Coconut shell ZnCl, 1874 - 276 [24]
Potato starch KOH 2342 - 335 [25]
Sunflower seed shell KOH 2509 - 2l [26]
Melamine KOH 1059 55 289 [27]
Broussonetia KOH V 1759 o | 320 (28]

papyrifera

Nut brown KOH 1463 2% 363 [29]

SSA: Specific surface area, Cq: specific capacitance

Thus, a‘simple method. that can-promote industrial production is required.
Recently, the ACs derived-from agricultural wastes have been focused, including in situ
doping using heteroatom-enriched biomass-as raw materials with its benefit in terms
of renewable, abundant, and" environmentally friendly resources. For example,
nitrogen self-doped ACs are successfully synthesized from animals, such as silkworm
cocoons, gelatin, endothelium corneum gigeriae galli, animal bone, yogurt, and plant
biomass waste such as tobacco rods, green leaves, elm flower and bamboo shoot as
shown in Table 2.7. Moreover, the source of nitrogen in animals comes from an amino
acid, which is related to protein composition. In case of the origin of nitrogen in the
plant may come from chlorophyll, which is associated with the green pigment found
in the chloroplasts of plants, offering nitrogen self-doped ACs. However, the

microstructure and the element composition of resulting ACs largely depend on the
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raw materials. Thus, by selecting appropriate raw materials, the ACs with a controlled

microstructure and a desired amount of heteroatoms could be obtained.

Table 2.7 Literature reviews of nitrogen self-doped ACs derived from biomass

Silkworm cocoon KOH 3386 0.58 263 [30]
Gelatin NaOH 3012 0.82 385 [31]
Endothelium KOH 2149 0.70 198 [10]

corneum gigeriae

galli
Yougurt KOH 1300 12 225 [12]
Tobacco rod KOH AR XA 141 286 [32]
Green leaves NaOH 2664 2.87 98 [14]
Elm Flower KOH 2048 2.63 275 [33]
Bamboo shoot KOH 972 3.6 412 [34]

SSA: Specific surface area, Cq: specific capacitance

Table 2.8 summarizes comparison of nitrogen-doped ACs by post treatment
and self-doped methods. The post treatment method uses nitrogen source such as
urea (CHyN,O) and ammonium (NH5). The nitrogen content of ACs prepared by the
post-treatment method is high level but the process is complicated. On the other

hand, the nitrogen self-doped method uses nitrogen-containing raw materials. Example
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of raw materials are chemical components such as melamine and polyacrylonitrile
(PAN), and biomass. However, the chemical compounds are toxic and not sustainable
material. Thus, biomass-derived nitrogen-doped ACs are attractive. Nevertheless, the
nitrogen content is still low due to a low nitrogen content of raw material and a loss
of nitrogen during preparation process. Thus, it is require to explore an appropriate

biomass with a high nitrogen content and prepare by an effective method.

Table 2.8 Comparison of nitrogen-doping methods

N-content |- Process Sustainable
Method
(at%) complexity material
Post Post doping
2.9-18 X X
treatment (CHoN3O;NH5)
N-containing
chemicals
(Melamine , 2563 O X
s Polyacrylonitrite
dopey (PAN))
N-containing
0.7.-28 @) @]
biomass

O = Good, X = Bad



CHAPTER 3

ANALYTICAL METHODS

3.1 Characterization of electrode materials

Electrode materials synthesized in this research were investigated by techniques

and equipment as shown in Table 3.1

Table 3. 1 Characterization techniguesand-their corresponding information

Scanning electron microscope

(SEM; HITACHI SU5000)

Morphology

Transmission electron microscope

(TEM; JEOL JEM-2010)

Internal structure

Nitrogen-adsorption isotherms

(Micromeritics ASAP 2020)

Surface area, pore volume,

pore size distribution

X-ray diffractometry
(XRD; Rigaku SmartLab Studio )

Crystal plane and carbon

structure

Raman spectroscopy

(Thermao Scientific DXR smart Raman)

Carbon structure

X-ray photoelectron spectroscopy

(XPS; PHI Quantera II)

Chemical composition

3.1.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is one of the techniques used to
analysize the morphology of sample that backscatter, or secondary electrons are
scanned on the sample and detected to create image of the sample. A schematic
diagram of SEM is shown in Figure 3.1. In this work, SEM images were measured by a

HITACHI S-4700 scanning electron microscope, which was operated at an acceleration

voltage of 10 kV.
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Figure 3.1 (a) Schematic diagram, of SEM and (b) A photograph.of scanning electron
microscope (SEM, HITACHI SU5000) [35]

Sample for SEM observation was prepared as follows:
1. ‘Activated carbons (ACs) powder was dried at 100 °C overnight in oven
2. Carbon tape was attached to SEM sample holder and ACs powder was

slightly dropped on carbon tape

3.1.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is used to characterize the internal
structure at the high reselution. Information about the crystal structure and
morphology can be obtained by a combination of electro optical imaging. The principle
of TEM, the electrons are focused with electromagnetic lenses and the image is
obtained on a fluorescent screen, or recorded on film or digital camera as shown a
schematic diagram of TEM in Figure 3.2a. In this work, TEM images were obtained by a
JEOL JEM-2010 transmission electron microscope operated at an accelerated voltage

at 200 kV with LaBy filament.
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Figure 3.2 (a) Schematic diagram of TEM and (b) A photograph of transmission
electronic microscopy (TEM; JEOL JEM-2010) [36]

Sample for TEM observation was prepared as follows:

(b)
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1. ACs must-be in fine powder size. ACs were dried at 100 °C overnight in oven

2. ACs were dispersed into liquid media such ethanol and sonicated for

approximately 5-10 mins

4. 1-2 drops of AC dispersion were dropped an the carbon coated copper grid

(C-coated Cu grid) with-carben side up

5. Cu grid was dried at least ovemight in the designator for completely drying

sample

3.1.3 Nitrogen-adsorption isotherms

The adsorption isotherm is used to describe the relationship between

amounts of the adsorbate on the adsorbent as a function of its pressure (in case gas)

at a constant temperature. Basically, adsorption can be classified into two types,
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Figure 3.3 (a) Types isotherm and (b) hysteresis loops-of gas adsorption [37]

physisorption” and _chemisorption 'between adserbent. and “adsorption. For
chemisorption, the process involved specific chemical interaction between adsorbent
and adsorption which in reversible. In contrast, physisorption process is reversible due
to its nature as dispersion force, repulsive force, polarization and electrostatic force.
The different types of adsorbents (carbon materials, anodic aluminum oxide, zeolites,
etc.) give the different shapes of ‘physical adsorption isotherms.” The physical

adsorption isotherms can be classified into six groups as shownin Figure 3.3a.

Type I'isotherms are microporous solids pore characteristics. They
are related to small external surface area of absorbents such as
activated carbons. They are obtained by gases and vapors on
activated carbons.

Il. Type Il isotherms are explored for macroporous and nonporous
adsorbents, such as graphite, nanotubes and carbon blacks. The

unlimited monolayer-multilayer adsorption was displayed in type |l
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isotherms. The point B indicates that the stage of the monolayer is
completed, and the multilayer adsorption begins.

Il Type Il isotherms are irregular and characteristic of very weak
adsorbate-adsorbent interaction. These are also typical of
cooperative adsorption e.g.  adsorption of water vapor on
graphitized carbon blacks.

V. Type IV isotherms show the existence of a hysteresis loop owing to
the capillary condensation on the mesopores. They are adsorbent
characteristics that have a large proportion of mesopores such as
the preparation of nanostructured carbons by using mesoporous
silica as templates.

V. Type V isotherms are associated with the type lllisotherms. There
are characteristics of weak adsorbate-adsorbent interaction such as
water vapor adsorption on charcoal.

VI, Type VIl isotherms are typical -of adsorbents with-a very uniform
nonporous surface. An adsorbed monolayer is presented in each
step of staircase characteristics such-as noble gas adsorption on
eraphitized carbon black.

The hysteresis loops are classified by the IUPAC as different types of four groups
(H1, H2, H3, and H4) as shown in Figure 3.3b. In case of H1, adsorption and desorption
branches are almost vertical and nearly parallel over arange of gas upstake. On the
other hand, H4 shows the adsorption and desorption branches being horizontal and

parallel over a wide range of relative pressures.

Adsorption theories and analysis methods
® Principles of BET
Brunauer, Emmett, and Teller developed the principles of BET.

Langmuir proposed the kinetic model of adsorption and described the multilayer
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adsorption. At the low pressure, molecules start to adsorb onto the surface due to
Langmuir adsorption isotherm at the low pressure. As the pressure is increased, next

molecules will adsorb to pre-absorbed molecules, resulting in a multilayer formation.

P = 1 + (C i 1)P (3_1)
V(Pi—P) V,C Vi CPy

where V: volume of adsorbed vapor at standard temperature and pressure (STP)

Vin: the monolayer capacity at STP

P: the partial pressure of the adsorbate

Po: the saturation vapor pressure of the adsorbate

C: the BET constant
From equation 3.1 gives a linear relation between P/V(Py-P).and P/P,, with the slope
equal to (C-1)/ V4C and with 1/V,,C as the interception with Y-axis. As the point B in
type Il isotherm becomes sharper, that'is the interactions between the adsorbate and
the adsorbent are stronger.

The specific surface area (SSA) of the adsorbent can be caleulated from the

adsorption data. The SSA of the adsorbent shown inm? glis

SSA = ANy 1018 (3.2)

Where Nj: The Avogadro constant.
Vi The monolayer capacity (mol g?)
A The cross-sectional area of the adsorbed molecule (nm?)

Figure 3.4 shown an equipment.
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Figure 3.4 Micromeritics ASAP 2020 series gas adsorption systems [37]
k(]
Sample for nitrogen adsorption-desorption isotherms was prepared as follows:
1. Activated carbon (AC) power was dried at 100 °C.overnight-in oven furnace.
2. The bare tube was weighed and recorded the data. After that, the 20 g ACs
was loaded into the tube. The ACs-loaded tube was weighed and recorded
the data again.
3. The ACs-loaded tube was inserted into the degassing channel. The ACs were
degassed at 350 °C for 12 hours prior to nitrogen adsorption measurement.
4. The ACs-loaded tube was weighed again after degas process and recorded

the data. After that, it was loaded into the nitrogen adsorption channel.

3.1.4 X-ray diffraction

X-ray diffraction (XRD) is a technique used to analyze the crystal structure
of materials as shown in a schematic diagram in Figure 3.5. The XRD analysis is based

on constructive interference of monochromatic X-ray and a crystalline sample. X-rays
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are generated by cathode ray tube and accelerated to the sample. XRD result is
produced the constructive interference of a monochromatic beam of X-rays diffracted
at specific angle by lattice planes separated by the interplanar distance (d) which

correspond to Bragg’s law in equation (3.3).

nA = 2dsinf (3.3)

where n is a positive integer, A is a wavelength of incident X-ray, d is an interplanar

distance of lattice, Oisa scattering angle

Figure 3.5 (a) A schematic principle of XRD and (b) A photograph of X-ray
diffractometry (XRD; Rigaku Smartl.ab Studio It) [38]

Sample for XRD characterization was prepared as follows:

1. The ACs must be in fine powder size and dried at 100 °C overnight in oven

2. The glass slide holder was cleaned by ethanol.

3. The AC powder was prepared by slightly dropping the ACs powder onto
the glass slide holder. The ACs powder was pressed by using another glass

slide to make a smooth surface.
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3.1.5 X-ray photoelectron spectroscopy

One of the most important technique for surface analysis of the chemical
state of the elements is X-ray photoelectron spectroscopy (XPS). The basic principle
of this technique is based on the photoelectric effect. When a beam of X-rays is
conducted to the sample, the photon energy is transferred to the electron. Then, the
electron gains energy to remove from the surface of the sample, called photoelectron.
Figure 3.6 shows the schematic diagram of basic principle of XPS. For binding energy

of the core level electron (E,) calculated using the following equation:

Ep=hv = E, =@ (3.4)

where RV is the X-ray photon-energy, Fy is the kinetic energy-of the photoelectron

and @ is the-work function of the spectrometer (4-5 eV). The common X-ray source

consists of two types; 1486.6 eV of Al Kg and 1253.6 eV of Mg Ko The average depth
of surface analysis is-approximately 5 - 10 nm. Consequently, the electron binding
energy offers-the-identification of various elements. XPS can detect all elements
except hydrogen. However, the electronic environment of the atem affected to the
electron binding energy. Since, an atom is bonded to another atom of element, leading
to a different electronegativity and changing the electron binding energy. The change
of binding energy is the chemical  shift, which can be used to identify chemical

information of compound.
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Figure 3.6 (a) A schematic diagram of basic principle of XPS and (b) A photograph of
X-ray photoelectron spectroscopy (XPS; PHI Quantera II) [39]

Sample for XPS characterization was prepared as follows:
1. The ACs powder was dried at 100 °C overnight in oven

2. ACs powder was slightly dropped on carbon tape

3.1.6 Raman spectroscopy

Raman spectroscopy: techniques is used to analyze carbon structure. This
technique is based on the inelastic scattering, or Raman scattering of monochromatic
light. Normally, the light'is_a laser source in the visible near infrared range Inelastic
scattering in monochromatic._light imply ‘that the-frequency of photons changes
interaction with the sample, resulting in the energy being shift up or down. The shift
in energy provides information about the vibrational modes. In the research used the
Raman spectra from Thermo Scientific DXR smart Raman with a 532 nm laser source

as shown in Figure 3.7.
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Figure 3.7 Raman spectroscopy [40]

Sample for Raman spectroscopy characterization was prepared as follows:

1. The ACs powder was dried at 100 °C overnight in oven

2. The ACs powder was slightly dropped on the sample holder
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3.2 Characterization of electrochemical properties

Measurement of electrochemical properties was operated in a three or two
electrode cell to an electrochemical workstation by Metrohm AUTOLAB PGSTST 302.

Table 3.1 showed electrochemical measurement technique
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Table 3.1 Electrochemical techniques

Cyclic voltammetry (CV) - A quick determination of the domain of

electroactivity
- The number of active redox couples
- The electrochemical reversibility

- The capability and the cyclability

Galvanostatic = The determination of the capacity
charge/discharge (CD) - The faradic reversibility
- The ohmic drop

- The cyclahility

Electrochemical impedance - The estimation. of cell resistance
spectroscopy (EIS) - The kinetic parameters

- The assessment of porous electrodes

3.2.1 Cyclic voltammetry

Cyclic voltammetry (CV), is one of the commonly used electrochemical
measurement. techniques with ~the- advantage of ability  to characterize an
electrochemical system..In CV measurement, the potentiostat applies a potential to
the working electrode with specific scan rate then reverses the scan, returning to the
initial potential (see triangular wave from in Figure 3.8). The slope of the linear lines is

called the potential (V) scan rate(v):

dv (3.5)

‘U=E

where V is expressed in V units and v is in V.s.The potential-time plot can be

expressed as:

V() =Vo+vtforV <V, (3.6)



V(t)=Vo—vthTVSV2

Where V; and V, are the two voltage boundaries.
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Figure 3.8 Typical V-t curves in cyclic voltammetry [15]

During the potential sweep, the potentiostat measures the current result obtained
from each applied potential. These values are collected then plot into CV graph of

squared i-V. curves which is obtained for such supercapacitor. Figure 3.9 is shown the
example of CV graph.
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Figure 3.9 The example of cyclic voltammetry graph plot
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For the specific capacitance (Cs), can be calculated from the CV curve that

obtained from the electrochemical measurement with equation 3.8

_ fiwav 38)
2V, = V)mu

where s is the specific capacitance (F ¢'), m is the weight of the electrode (g), V is
the scan rate of CV curves (V s1), and (V, - V;) represents the potential window (V).
Normally, the CV curve from~EDLC is-ploted as-the rectangular shape while the
pseudocapacitor generates with the additional redox reaction as oxidation and

reduction peaks.

3.2.2 Galvanostatic charge-discharge (CD)

Galvanostatic - charge-discharge (CD)- technique . is used to test the
performance and: cycle-life of EDLCs and is very different from cyclic voltammetry.
According to the current is controlled and the voltage is measured. This method gives
access to different parameters such as capacitance, resistance and cyclability. The

voltage variation is described following below:
.t (3.9)
V(t) =Ri+ EL(V) :
Charge and discharge are conducted with constant current until reach the set voltage.

The loop is repeated in cycle times to observe repeatable and the cycle-life time

before performance is drop. The example of CD curve is shown in Figure 3.10.
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Figure 3.10 Galvanostatic charge-discharge curve [15]
The capacitance of a supercapacitor.can be calculate from slope.of the curve;

L 1At (3.10)
Al

where /is the set current, At is the discharge time, and AV is the voltage window.
The series resistance (R) is deduced from the voltage drop (V) occurring over the

current inversion (At);

£ @ (3.11)

R
Al

Generally, CD curve of the EDLC shows with triangular repeatable charge-discharge
curve, whereas the pseudocapacitor shows with quasi-triangular representing the

additional discharge time from redox reaction.
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3.2.3 Electrochemical impedance spectroscopy (EIS)

Analysis base on electrochemical impedance spectroscopy (EIS) can be
explained the resistance and capacitance of supercapacitor. In EIS measurement,
voltage is carried out at several frequency (f) for impedance measurement. Figure 3.11
shows the Nyquist plots of supercapacitor. The EIS spectra consists of two main parts:
firstly, a semicircle at the high-frequency (HF) region which relates to the series
resistance (Rs) and the charge-transfer resistance (Rc7), and secondly, a nearly liner
linear at the low-frequency (LF) region that.corresponds to the diffusion controlled

process.

® The series resistance (Rs) is the sum-of the intrinsic resistance of the
electrode material; the electrolyte resistance and the contact resistance

between the electrode material and the current collector.

® The charge-transfer resistance (Rc7) is the diameter of the semicircle,
implying the kinetic resistance to theion transfer.

® The nearly vertical linear at LF region shows a straight line, indicating the
ion ‘diffusion” rate. at the interface between the electrode-electrolyte

materials.

60

03—, - WE—— S
10 120

Figure 3.11 Nyquist plot of supercapacitor
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Practical analysis of pseudocapacitors by EIS must also consider the effects
of porous structures present in some pseudocapacitive materials. Morphologies will
exhibit Warburg diffusion regions (45° phases) or LF similar to those seen in porous
double-layer devices. The region is induced by distribution of different resistance and
capacitance between pores in the system at different sizes and distances from the

collector.

3.2.4 Energy and power density

The energy density (E, W h ke?) of supercapacitor can be expressed as a
quantity per unit weight (specific energy or power)-or per unit volume. The energy (E)
stored in a capacitor is related to the charge Q(C), at each interface and the potential
different V (V), and therefore is-directly proportional its capacitance as exhibited in

equation:

1 (3.12)

Maximum energy s achieved when-V is at'a.maximum, which is usually limited
by the breakdown strength of the dielectric.

The second important parameter for characterizing supercapacitor is their power
density. Normally, power density (P) is the rate of energy delivery per unit time. The
resistance of the internal components-of the capacitor (e.g., current collectors,
electrode materials, dielectric/electrolyte, and separator) needs to be considered to
determine P for a certain capacitor. The resistance of these components is usually
measured in the total resistance referred to as the equivalent series resistance (ESR)
(Q). The ESR, by introducing a voltage drop, determines the maximum voltage of the
supercapacitor during discharge and therefore limits the maximum energy and power

of a supercapacitor. The measurement of power for supercapacitor is often measured
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at match impedance (i.e., the resistance of the load is assumed to be the same as the

supercapacitor ESR) which corresponds to the maximum power P, given by

A (3.13)
Fnax = 4ESR

However, even though the resistance of a good supercapacitor is typically much lower
than that of the connected load, the actual delivered peak, although still very high, is

usually lower than Py,



CHAPTER 4
NITROGEN SELF-DOPED ACTIVATED CARBON DERIVED
FROM SILKWORM PUPAE WASTE AND ITS
ELECTROCHEMICAL PROPERTIES

This chapter describes synthesis of nitrogen self-doped activated carbons (ACs)
derived from silkworm pupae to-enhance energy density. Figure 4.1 shows a flow chart
of the experimental procedure, including the morpholegy, surface area, pore size

distribution, and chemical compaosition characterization.

1) Synthesis of nitrogen-enriched ACs .~ | | Method: Hydrothermal-and
derived from silkworm pupa activation

2) Extension of working potential range by | Condition: Type of electrolyte
using oreanic electrolytes (Aqueous and oreanic electrolytes)
3) Characterization of materials and = |.___. Material characteristics
electrochemical properties SEM, TRILXIYp: JFT, XPS

Electrochemical properties:

CV, CD, EIS (3-, 2-electrodes)

Figure 4.1 Diagram of the synthesis of ACs derived from silkworm pupae
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4.1 Synthesis of nitrogen self-doped activated carbons from silkworm

pupae by hydrothermal and chemical activation

ACs derived from silkworm pupae were prepared via main three processes as

shown in Figure 4.2.

Hydrothermal
treatment g ZnCl, activation

(200°C) (700, 800, 900 °C)

Silkworm pupae waste P-HTC P-AC

Figure 4.2 Flow chart of ACs synthesis derived.from silkworm pupae.

Procedure to synthesize ACs derived from silkworm pupae.is'as follows:
1) Preparation of raw material:
Silkworm pupae waste was blended after drying and then were ground by ball
milling.
2). Hydrothermal process:
The powder pupae were mixed with 1.M acetic acid at a weight ratio of 1:3 and
stirred at room temperature for 24 hours. The mixture was kept into a glass-lined (250
ml) stainless steel autoclave for the hydrothermal process at 200 °C for 24 hours as
shown in Figure 4.3. Then, the mixture after hydrothermal treatment was washed using

ethanol and dried at 120 °C for 24 hours (herein after referred to as P-HTC).
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Figure 4.3 Photograph-of oven furnace for hydrothermal process

3) Chemical activation process

The P-HTC was mixed with ZnCl, (2 ¢ 6.8) in 15 mL of ethanol and then stirred

by a magnetic stirrer for 24 hours. After that, the mixture was loaded to oven furnace

at 110 °C for 12 hours. The mixture was activated at different temperatures (700, 800

and 900 °C) under inert gas (N, 99.999%) with the condition as shown in Table 4.1.

After activation, the product was washed with '1 M hydrochloric acid (HCl), and

subsequently DI water until it reached a natural pH. The final products were dried at

110 °C overnight and hereinafter referred to as P700, P800 and P900, respectively,

corresponding to the activation temperature: The obtained ACs were characterized

their morphology, perosity, chemical composition-and electrochemical properties.

Table 4.1 Condition of chemical activation process

N, Flow rate Activation time Ramping rate of heater | Temperature
(mL min™) (Hour) (°C min™) 0
700
300 2 5 800

900
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4.2 Characterization of activated carbon derived from silkworm pupae

The analytical techniques used for the characterization of electrode materials are

shown in Table 4.2.

Table 4.2 Characterization techniques and their corresponding information

Scanning electron microscopy Morphologies structure

(SEM; HITACHI SU5000)

Transmission electron microscopy Internal structure

(TEM; JEOL JEM-2010)

Nitrogen-adsorption isotherm Surface area and pore volume
(Micromeritics ASAP 2020) distribution
X-ray diffractometry Crystallinity

(XRD; Rigaku SmartLab Studio Il)

Raman spectroscopy Carbon structure

(Thermo Scientific DXR smart Raman)

X-ray photeoelectron spectroscopy Chemical composition

(XPS; PHI Quantera |l)

4.2.1 Morphology of activated carbon derived from silkworm pupae

Figures 4.da-d show FE-SEM images of the P-HTC, P700, P800 and P900,
respectively. The morphologies of P-HTC and the P-ACs were completely different. The
surface of the P-HTC was relatively smooth and nonporous, while those of the P-ACs
were rough surface with sponge-like pores. These pores resulted from chemical
reaction of ZnCl, during activation treatment, remaining empty space in the carbon

structure. The chemical reactions are shown in the following equations:

2ZnCl; + 2C,H50H - 2C,HsCl + ZnO + H,0 300 — 600 °C (@.1)



Znh + G = zn+00 > 800 °C (4.2)

Figure 4.4 FE-SEM images of (a) P-HTC, (b) P700, (c) P800 and (d) P900

4.2.2 Internal structure of activated carbons derived from silkworm

pupae

The internal structure of ACs was explored by TEM technique. Figs. 4.5a-d
show TEM images of the P-HTC, P700, P800 and P9Q0, respectively. TEM images reveal

the bright fringes, indicating the micropore- structure of ACs.
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Figure 4.5 TEM images of (a) P-HTC (b) P700 (c) P800 and (d) P900

4.2.3 Surface area and porosity of activated carbon derived from

silkworm pupae

N, adsorption-desorption-isotherms technigue was used to analyze the
surface area and porosity properties of ACs. N, adsorption-desorption isotherms of the
P-ACs and YP50 were significantly different, as shown in Figure 4.6a. YP50 showed a
sharp N, adsorption-desorption isotherms at the low-pressure range with a parallel line
to the relative pressure axis at the high-pressure range. The adsorption and desorption
branches showed a relatively narrow hysteresis loop, implying Type | isotherms

(defined by the IUPAQ), indicating microporous solid pore characteristics of YP50.
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On the contrary, N, adsorption-desorption isotherms of the P-ACs showed a
gradual increase of slope at the low-pressure range, and then gradually parallel to the
relative pressure axis at the high-pressure range. Moreover, their hysteresis loops were
wider than the YP50, classified as the typical Type IV isotherms, indicating mesopore
and micropore. The hysteresis loop in the region of the relative pressure between 0.4
- 1.0 of P/P, also became larger when the activation temperature increased. These
results indicate well-developed mesoporosity of the P-ACs [41].

Figure 4.6b shows the pore size distribution obtained from the DFT method.
The summarized data in Table 4.3 shows surface area, pore size, and pore volume of
all samples. The pore size distribution of the YP50 displays in the range between 1.0
- 2.0 nm, implying the main component of micropores while the P-ACs show a pore
size distribution range of 1.0-= 6.0 nm, containing both-of micropores and mesopores.
From the results of Table 4.3, the YP50 shows the highest values of Sger (1336 m? g?),
the highest ratio of micropore surface area and Sger (Swicie/Seer) (0.94) and the highest
ratio of micropore volume to the total volume (Viico/ Viora) (0.82). In case of the P-ACs,
the values of Sger, Smicio/Sger and Vinicio/ Vioral Of €ach-sample is in the-following order:
P900 (1267 m? ¢, 0.90,0.78) > P800 (1187 m?g*, 0.87,0.71) > P700(1062 m?¢, 0.77,
0.55). These results show that the surface area and micropores of the P-ACs were
increased with the higher-activation temperature. The average pore size of each

samples is in the following order: P700 > P800 > P99 > YP50:
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Figure 4.6 (a) N, adsorption/desorption isotherms.and (b) pore size distribution of all

samples

Table 4.3 Surface and porosity properties of all samples

Samples | Suer| Smigro | Smess | Scec/Sner | SemesedSeer | Pore Youi | Mo fVrle b Vo | Vs
(m*q | (mPg | (mPg | | Diameter | 'fem® " (em® | (cm?® | NV | Mot

i : 1}!: ‘1)[: (nm)¢ g-»l)d gul)d g-l)d
P700 1062 824 238 0.77 0.22 1.54 0.77 0.43 0:34 0.55 0.44
P800 1188 1033 155 0.87 0.13 1.48 0.73 052 0:21 0.71 0.28
P900 1267 1142 125 0,90 0.10 1,48 0.73 057 0.16 0.78 0.21
YPS50 1336 1263 73 0.54 0.05 1.46 0.72 0.59 0.13 0.82 017

2 BET specific surface area. b Micropore surface area from t-plot method. © Pore diameter from DA method. ¢

Micropore-mesopore volume from DFT method.

4.2.4 Crystallinity of activated carbons derived from silkworm pupae

The crystallinity of the P-ACs and commercial AC (YP50) was characterized

by XRD technique in the 28 range of 10° to 70°. As shown in Figure 4.7, the broad peaks

at approximately 23.2° and 44.6° of the YP50 were identified as amorphous carbon.

However, the P-ACs show a slight shift from 23.2° to 25.3°, implying a smaller interlayer

(0.352 nm) compared to YP50 (0.360 nm). Moreover, the P-ACs showed the sharp peak
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at approximately 26.4°, corresponding to the (002) plane of graphitic carbon. These

results indicated that a higher graphitic degree of the P-ACs compared to the YP50.
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Figure 4.7 XRD diffraction patterns of all samples

Next, carbon structure of all samples was investigated by Raman spectroscopy
technique. The Raman spectra.of the P-ACs and commercial AC (YP50) were shown in
Figure 4.8. Board peaks. indicating as D-band.and G-band at Raman shifts of
approximately 1350 and 1600 cm™ were observed. Normally, D-band is caused by
disordered carbon structures and G-band arises from stretching of the C-C bond in
graphitic structures. The intensity ratio of D-band to G-band (Ip/lg) relates to the ratio
of defect sites in carbon materials. The values of I/l tended to increase when the
activation temperature increased (P700 (0.919) < P800 (0.926) < P900 (0.928) < YP50
(0.940)). This indicates that YP50 showed a high content of the defects and disordered

structures comparted to the P-ACs. This is consistent with XRD results. Among the P-
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ACs, P900 with the highest surface area showed the highest Ip/lg, implying a high
content of the defects and disordered structures. A higher surface area, a higher level

of discontinuous carbon structures, inducing a formation of disordered structures.

\J/ — P900
|D/|G - 0.941

X \
JWW 1

loflg = jﬁgﬁw \“W
PR ot A Ao
In/lg =0.928

T M. | [Ty e\” FlgrT
800 1000 1200 1400 1600 1800 2000 2200
Raman shift (nm)

Intensity a.u.

Figure 4.8 Raman spectra of all samples

4.2.5 Elemental composition of activated carbon derived from silkworm

pupae

The nitrogen-doped ACs have been determined as one of promising

heteroatom-doped materials for supercapacitor applications owing to additional
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pseudo-capacitance and conductivity improvement. XPS technique was used to
analyze the compositions and chemical states of the elements in the P-ACs. The
guantitative analysis of the elemental composition is shown in Table 4.4. The P-ACs
consisted of carbon, nitrogen and oxygen elements, while the YP50 found only carbon
and oxygen from the XPS-wide scan spectra. The nitrogen content of P700, P800 and
P900 was 6.3, 5.2 and 3.8 at%, respectively. The nitrogen content of the P-ACs is in the
following order: P700 > P800 > P900. The nitrogen to carbon ratio (N/C) of P700, P800
and P900 was 0.07, 0.06 and 0.04, respectively. Among them, the P700 showed the
highest N/C ratio. But the N/C ratio dramatically - decreased when the temperature
increased to 900 °C.

The N1s spectra of the P-ACs: were analyzed to explore the nitrogen-bonding
configuration. The N1s spectra obtained from all samples are shown in Figure 4.9a. The
high-resolution N1s spectrum can be deconvoluted into four types of nitrogen groups.
The peaks can be ascribed to the pyridinic nitrogen (N-6,-398.3 eV), pyrrolic nitrogen
(N-5, 399.8 eV), quaternary nitrogen (N-Q, 401.7 eV) and oxidized nitrogen (N-X, 403.6
eV) [42, 43]. The relative peak area of each nitrogen-bonding configuration was
calculated and shown-in Table 4.4. Interestingly, N-Q shows the highest content. The
formation of N-Q may be based on amino acid structure in silkworm pupae. The
contents of N-5 and N-6 decreased when-the activation temperature increased with
the following order: P90Q < P800 < P700. Nevertheless, the ratio of (N-Q)/[(N-5) + (N-
6)] increased from P700 to P900. These results attributed to the recrystallization of N-
Q or graphitic-N from the defective structures to N-5 and N-6 during thermal treatment.

Moreover, the O1s spectra were deconvoluted as shown in Figure 4.9b. Oxygen-
containing configurations of all samples are classified into three groups, including
O=C-OH (531.2eV) in carboxyl groups, C=0 (532.2 V) in carbonyl groups and C-OH
(533.2 eV) in phenol groups and/or C-O-C (533.2 V) in ether groups. The content of
C=0 tends to increase when the activation temperature increased. The O content and

the oxygen to carbon ratio (O/C) ratio of all samples are shown in Table 4.4. The YP50



57

shows the lowest O/C ratio. There are no obvious differences in that of the P-ACs. The

oxygen contents of the P-ACs are approximately 2-times higher than that of the YP50.

Table 4.4 Chemical composition of all samples evaluated from XPS spectra

Samples | Element content (at%) o/C N/C ! Relative N1s peak area (at%)
c o] N ratio ratio N-6 [ N-5 | NQ | NX | (N-6)+(N-5) (N-Q)/
[(N-6)+(N-
5)]
YP50 95.56 4.44 0.04

P700 86.50 7.10 6.30 0.08 0.07 1.06 1.74 2.50 1.00 2.80 0.89

P800 88.40 6.40 520 0.07 0.06 1.01 1.44 2322 0.53 2.45 0.90

P00 88.80 7.40 3,80 0.08 0.04 0.42 1.14 1.94 0.30 1.56 1.24
9004 YP50 ~ Ofs
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Figure 4.9 (a) N1s and (b) Ols XPS spectra of P-ACs and YP50
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4.3 Electrochemical properties of activated carbon derived from

silkworm pupae
4.3.1 Electrode preparation

The synthesized ACs was treated at 100 °C in vacuum oven overnight before
tablet formation. The AC tablet was prepared by mixing the synthesized ACs, carbon
black (CB) and polytetrafluoroethylene (PTFE) at the weight ratio of 90:5:5 in a mortar.
After that, the mixture was formed an electrode tablet by pressing under a pressure

of 10 kN using a 10-mm diameter mold.

Regarding to characterization of electrochemical properties of electrode
material, the AC tablet was- attached on Ni.foam (MTI, Ni foam for supercapacitor
cathode substrate,a thickness of 0.08 mm) using carbon paste-and dried at 100 °C for
1.5 hours. To. characterization  supercapacitor cell, two of the AC tablets were
assembled into a coin-cell structure (2032-type coin cell) as cathode and anode

electrodes.

4.3.2 Electrochemical measurement systems

The electrochemical properties of the electrode material and cell based on
ACs derived from silkworm pupae were characterized by three-'and two- electrode
systems (Metrohm AUTOLAB PGSTAT 302). Summary of the test condition based on
aqueous and organic electrolytes and the test-conditions of electrochemical properties

are shown in Tables 4.5 and 4.6, respectively.



Table 4.5 Test condition based on agueous and organic electrolytes
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Detail

Aqueous electrolyte

Organic electrolyt

Electrolyte

1M NaZSO;

1M TEABF,"in PC

Measurement system

Three-electrode

Two-electrode

Assembly condition

Air

Inert atmosphere

(Glove box)

Working electrode

AC electrode on Ni-foam

2-AC electrode in coin cell

Reference Ag/AgCL -
Counter electrode Pt -
P
hOtograph Working electrode
measurement Referent Counter
electrode electrode
[
[ ]

(Na,SOyq ) Sodium sulfate, (TEABF,) Teraethylammonium tetrafluoroboerate, (PC)

Propylene carbonate



Table 4.6 Condition measurement of electrochemical properties
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)
.

Technique Parameter Aqueous Organic
electrolyte electrolyte
(3-electrode (2-electrode
cells) cells)
Cyclic voltammetry (CV) Potential -02-08V 0.0-25V
(V)
.y — Scan rate 5mVs! 1mvs!
5 |
S [ N
E Valtage E;
Galvanostatic Current 02 A g 0.02A¢?
charge/discharge (CD) density
BGalvanostatic ;rn);mm-\. horoe POte'ﬂtIal 1 V 25 V
& window
S
time
Electrochemical Freguency 0.1 Hz—- 1 MHz 01 Hz-1MHz
impedance spectroscopy | range
(EIS) Voltage 5mV 5 mV
amplitude




61

4.3.3 Electrochemical performance of activated carbon derived from

silkworm pupae in aqueous electrolyte

Electrochemical properties were characterized in terms of cyclic
voltammetry (CV), galvanostatic charge-discharge (CD) and electrochemical

impedance spectroscopy (EIS) techniques.

1) Cyclic voltammetry (CV)

CV tests of each electrode was done at a potential range of -0.2 - 0.8 V at
a scan rate of 5 mV s using three-electrode system, Figure 4.10 shows the CV curves
of the P-ACs and the YP50. The CV curves of the YP50 showed a relatively rectangular
shape, indicating the electrical double layer capacitor behavior [44]. The CV curves of
the P-ACs showed a slightly distorted shape with a hump located at approximately 0
V. The hump may be generated from redox reactions of the nitrogen functional groups
[34, 45]. The P-ACs showed a larger curve area than the YP50. This result indictaes a

high capacitance even though a smaller surface area of the P-ACs.
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Figure 4.10 CV curves of the P-ACs and YP50 electrodes
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2) Galvanostatic charge-discharge (CD)

The galvanostatic charge-discharge (CD) tests based on three-electrode
system were operated at a current density of 0.2 A ¢! in a potential window 0 to 1.0
V as shown in Figure 4.11. All CD curves displayed a quasi-triangular shape, indicating
a good electrochemical reversibility and supercapacitive behavior [46]. The P-ACs
showed longer charge-discharge times than the YP50, implying a higher specific
capacitance of the P-ACs. The values of the gravimetric and volumetric capacitances
of each electrode were calculated by equation (3.10). The gravimetric capacitances of
the P700, P800, P900 and YP50 were 131, 155, 100 and 52F g, respectively. The
volumetric capacitances of the P700, P800, P900.and YP50 were 71, 86, 52 and 26 F
cm?, respectively. The values of the gravimetric and volumetric capacitances of each
electrode were summarized -in Table '4.7. The P800 showed the_ longest charge-
discharge times, given the highest values. The YP50 showed the lowest charge-

discharge values in both gravimetric and volumetric capacitances.

——YP50
ST ——<P700
— P800
08 ——P900
)
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c
2
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Time (s)

Figure 4.11 CD curves of P-ACs and YP50 electrodes
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3) Electrochemical impedance spectroscopy (EIS)

The EIS test can explain electrochemical impedance by showing the
Nyquist plot of supercapacitor, which consists of two parts: (i) a semicircle in the high-
frequency and (ii) a straight line in the low-frequency regions. Figure 4.12 shows the
Nyquist plots of each electrode. The Nyquist plots of all electrodes showed similar
shape. The different offsets on the x-axis and different diameters reveal the different
electrochemical characteristics of each electrode. From Nyquist plot, the series
resistance (Rs) and the kinetic resistance to the ion transfer (Rcr) can be determined.
The Rs, the sum of the resistances of electrode materials, the electrolyte and the
contact between the electrode material and the current collector, can be estimated
from the offset on-the x-axis (2’ (®)) of the high-frequency semicircle. Moreover, the
diameter of the semicircle represents the Ret: The values of Rs of the P700, P800, P900,
and YP50 were 4.8, 4.7, 4.1 and 6.8 Q, respectively. The values of Rq of the P700,
P800, P900, and YP50 were 7.7, 7.3, 11.5 and 13,9 Q, respectively. The values of Rs and

Rcr of the P700, P8O0, P900, and YP50 were summmarized in Table 4.7.
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Figure 4.12 Nyquist plots of the P-ACs and YP50 electrodes
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Table 4.7 Electrochemical performance of the P-ACs and YP50 electrodes in

aqueous electrolyte.

Y¥P50 52 26 6.8 13.9
P700 151 ¥l 4.8 il
P800 155 86 a.7 T3
P00 101 St 4.1 11.5

Normally, the major factors for the high performance of supercapacitors are
surface area, porosity, and heteroatom content on the surface of carbon material [41,
46, 47]. The YP50 did not exhibit the highest electrochemical performance, even
though the highest surface area, the narrowest pore size distribution, and the smallest
pore diameter. On the contrary, the nitrogen-enriched P-ACs showed a higher specific
capacitance than the YP50. This result indicates that the nitrogen content is'a dominant
factor for the electrochemical performance enhancement.

Figures 4.13a-b show the radar plots to compare effect porosity properties and
nitrogen-containing configurations on._the electrochemical performance of each
electrode, respectively. The P800 showed a higher specific capacitance than that of
the P700 even though the P700 showed the highest nitrogen content. This means that
it is essential to optimize nitrogen content-and surface area to obtain the maximum
electrochemical performance.

Besides, the Rs and Rcr values of each electrode relate to the surface area, and
elemental composition. The Rs value of the P-ACs is in the following order: P900 <
P800 < P700 < YP50. The Rcr value of the P-ACs is in the following order: P800 < P700
< P900 < YP50. ACs with high surface area possess the micropore structure of ACs and
tend to have high resistance. The discontinuous conductivity path in the porous

structure results in high resistance. However, the nitrogen of N-Q inside the aromatic
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ring with sp? hybridization and completely saturated bonding can improve the
conductivity of carbon material [48]. The working function of nitrogen configurations
can be described as follows: (i) Negatively charged N-6 and N-5 improve the hydrogen
atom accommodation and proton affiliation, causing the faradic reaction [5, 14]. (ii)
Positively charged N-Q and N-X can improve electron transfer via the porous carbon,
leading to capacitance enhancement and Rs reduction [14]. (ii) The oxygenated
functional groups can increase the wettability of the carbon surface and enhance the
pseudocapacitance. This is evidence as the highest specific capacitance and the lowest

Rer of the P800.

==YP50 b ) NIC(%) —=—YP50
—a—P700 0os —a—P700
—e— P800 R A ‘ . 0/C(%) ~o— P800
- P300 0fe. [ —— P900
mmfsb.ﬂ RI(Q) & & Z N-6(at%)

N-X(at%) N-Q(at%)

Figure 4.13 Radar plots to show relation of electrochemical performance and (a)

porosities and (b) chemical compositions

4.3.4 Electrochemical performance of activated carbon derived from

silkworm pupae in organic electrolyte

To enhance energy density, it is also necessary to increase window voltage of
supercapacitor. However, window voltage depends on the electrolyte stability. Thus,
in this research, organic electrolyte was employed to increase an operating voltage up

to 2.7 V. Two electrodes were assembled using coin-cell structure in 1M TEABF; @ PC.
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Electrochemical properties of each electrode were characterized in terms of cyclic

voltammetry (CV), galvanostatic charge-discharge (CD) and capacitance retention.

1) Cyclic voltammetry (CV)

Figure 4.14 shows the CV curves with quasi-rectangular shapes and similar size

at a scan rate of 5 mV s, confirming an ideal capacitive behavior.
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Figure 4.14 CV curves of the P-ACs and YP50 coil cells

2) Galvanostatic charge-discharge (CD)

The CD curves in Figure 4.15 exhibited relatively symmetric triangular shapes
at an applied current density.of 0.2°A ¢ The gravimetric capacitances of the P700,
P800, P900 and YP50 were 80, 92, 88 and 80 F g, respectively. The energy densities
of P700, P800, P900, and YP50 were 70, 80, 76 and 69 Wh kg-!, respectively, calculated
from equation (3.12). The power densities of P700, P800, P900, and YP50 were 237,
268, 265 and 209 W keg-!, respectively, calculated from equation (3.13). The values of
the specific capacitance, energy density and power density of each electrode were

summarized as shown in Table 4.8.
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Figure 4.15 CD curves of the P-ACs and YP50

Table 4.8 Electrochemical performance of P-ACs and YP50

0000 R/ o= R\ A A BN ;
1109 3 Fromprefioepraciance \ =noh= ) Handd density
NN T2 Qi R
YP50 79 69 209
P700 80 70 237
P800 92 80 268
P300 88 76 265

The electrochemical properties of each electrode were not much different as in
the aqueous electrolyte. Nevertheless, the P800 showed the highest specific
capacitance while the YP50 showed the lowest values. However, the specific
capacitance in organic electrolyte is less than in agueous electrolyte. This may be due
to a less effect of nitrogen-containing functional groups in organic electrolyte
compared to aqueous electrolyte. Moreover, aqueous electrolytes are high ionic

conductivity (up to ~ 1 S ecm? mol?) and low viscosity, results in fast ion mobility than
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the organic electrolyte [49, 50]. Besides, a smaller size of ion of aqueous electrolyte
makes it effectively transfer through the micro- and mesopores.

In case of organic electrolytes, the bare ions is smaller than the solvated ions. lons
are flexible with a variable diameter and can access into the pores It is difficult to
compare the effect of surface area and pore distribution on the electrochemical
performance. However, the moderate surface area and the large pore diameter of the
P800 provide the highest specific capacitance, implying that the nitrogenated
functional groups and mesoporous structure contributed to enhancement

supercapacitor in organic electrolyte systems.

3) Capacitance retention

Next, capacitance retention was investigated by CV test under a voltage
window of 0.0 - 2,5'\-at the scanrate of 20 mV s ' for a desienated cycle. Capacitance

retension (%) were calculated as follow:

nCS

4.2)
Ty X 100

Capacitance retension (%) =

where n: order of cycles and Cs: specific capacitance Figure 4.16 shows a capacitance
retention on the P800, displayineg the capacitance retention of 97.6% after 3000 cycle.
These results indicate the good electrochemical cycling stability and show that ACs

derived from pupae wastes are stable both in agueous and organic electrolytes.
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Figure 4.16 Cycling stability at the 3000""
4.4 Summary

The silkworm pupae waste-derived nitrogen self-doped AC (P-AC) was successfully
synthesized by hydrothermal treatment and ZnCl2 activation by varying temperature
treatment at 700, 800 and 900 °C. Surpassing a commercial AC (YP50), the P-ACs
showed higher nitrogen content but lower surface than'YP50 as follows:.

Surface area: 1062 - 1267 m* g*
Total pore volume:  0.73 - 0.77 cm® ¢!
Nitrogen content: 3.8 - 6.4 at%

The main nitrogen-containing functional group is N-Q. This may be derived from
amino acid groups existing in silkworm pupae. The P800 exhibited the highest
electrochemical performance as follows:

Gravimetric capacitance: 155 F g in Na,SOq
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Volumetric capacitance: 86 F g in Na,S50,

Capacitance retention:  97.6 % @3000 cycles in agueous and organic electrolytes

Specific capacitance: 92 F ¢ in TEABF, in PC

Energy density: 18 W h ke-1

Power density: 268 W kg-1

Compared to the YP50, the P800 exhibited the highest electrochemical
performance with the highest specific capacitance, approximately 3.0 and 1.2 times
higher than that of the YP50 in aqueous and organic electrolytes, respectively.

These results show the deminant effect of nitrogsen content rather than surface
area. The high nitrogen content may enhance pseudocapacitance and improves
electrical conductivity of the P-ACs: Silkworm pupae waste is a petential raw material
for the synthesis of the nitrogen self-doped AC, which is an attractive electrode

material for supercapacitor application and adding value of silkworm pupae waste.



CHAPTER 5
NITROGEN SELF-DOPED ACTIVATED CARBON DERIVED

FROM SAMANEA SAMAN LEAVES AND ITS
ELECTROCHEMICAL PROPERTIES

This chapter describes synthesis of nitrogen self-doped activated carbons (ACs)
derived from Samanea saman leaves via direct activation to enhance energy density.
Recently, nitrogen self-doped ACs prepared-from nitrogen-enriched biomass waste
were reported by many research groups. However, the nitregen content in the ACs
significantly decreased after two- step activation. Moreover, the conventional process
with two step is time-consuming. Thus, simple methods with sustainable raw materials
and low cost_have been required, .In this chapter, a direct activation with sodium
hydroxide (NaOH) negating pyrolysis or hydrothermal process using 'Samanea saman
leaves as starting materials has been proposed. Samanea saman is known as a
nitrogen-fixing tree. Chlorophylt in Samanea saman leaves (SSL) may provide a source
of nitrogen for “nitrogen” self-doped ACs. Figure 5.1 shows a flow chart of the
experimental procedure, including the morphology, surface area, pore size distribution,

and chemical composition characterization.
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Synthesis of nitrogen self-doped ACs from T e

Samanea saman leaves using one-step Condition: Reagent and carbon ratio
activation
Characterization of materials and Material characteristics

electrochemical properties SEM, RAMAN, BET, XPS

Electrochemical properties:

CV, CD, EIS ( 2-electrodes)

Figure 5.1 Diagram of synthesis of ACs from Samanea saman leaves

5.1 Synthesis of nitrogen self-doped activated carbons from Samanea

saman leaves by direct activation

Nitrogen self-doped ACs derived from Samanea saman leaves were prepared via

direct activation as shown in Figure 5.2.

Samanea saman leaves

Activation

Figure 5.2 Flow chart of synthesis of ACs from Samanea saman leaves

Procedure to synthesize ACs derived from SSLs is as follows:

1) Preparation of raw material:
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1.1 Fresh SSLs were blended into small pieces. After drying, it was sieved by
using a mesh size of 1 mm.

1.2 The SSL powder was impregnated with 1 M sulfuric acid (H,SO,) solution
and then was stirred for 3 hours at 100 °C to eliminate inorganic elements, such as
magnesium. Magnesium sulfate was dissolved in water and removed from SSLs. Finally,
the SSL was washed by deionized (DI) water until a pH of 7 was obtained and dried at

120 °C for 12 hours.

2) Chemical activation process:

The SSL powders were impregnated with' NaOH by mortar at weight ratios of SSL
and NaOH as 1:1.5, 1:1.75, and 1:2 as shown in Table 5.1 (after thisreferred to as SD1.5,
SD1.75 and SD2, respectively). The activation.was done at 720 °C at a heating rate of
5 °C min'! for 1 hour under a flow of argon (99.999%) atmosphere ata flow rate of 500
mL min™. After activation, the sample was washed to pH 7 by DI water and dried at
120 °C for overnight.

For comparison, preparation of ACs from SSLs using the conventional process was
also done (two-step: carbonization-and activation process) [14], Briefly, in the first step,
the SSL was carbonized at 600 °C ata ramping rate of 5 °C min* for 2 hours under
nitrogen (99.999%) atmosphere. In the second step, the charcoal was mixed with NaOH
at the weight ratio of charcoal and NaOH of 1:2.5, and subsequently activated at the
same condition as in a direct activation (hereinafter referred to as S-AC).

The obtained ACs were characterized their morphology, porosity, chemical

composition and electrochemical properties.
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Table 5.1 Condition of a direct activation for synthesis of ACs derived from SSLs

1.5

500 - 720 1:1.75

122

5.2 Characterization of activated carbon derived from Samanea saman leaves

by direct activation

The analytical techniques used for characterization of ACs were summarized in

Table 5.2.
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Table 5.2 Characterization techniques and their corresponding information

Scanning electron microscopy Morphologies structure

(SEM; HITACHI SU5000)

Nitrogen-adsorption isotherm Surface area and pore volume distribution

(Micromeritics ASAP 2020)

X-ray diffractometry Crystallinity
(XRD; Rigaku SmartLab Studio )

Raman spectroscopy Carbon structure

(Thermo Scientific DXR smart Rarman)

X-ray photoelectron spectroscopy Chemical eomposition

(XPS; PHI Quantera-if)

5.2.1 Morphology of activated carbon derived from Samanea saman

leaves

Figures 5.3a-b show SEM images of the SD2 and|S-AC at a low magnification
and Figure 5.3cf show SEM images of the SD1.5, SD1.75,°SD2 and S-AC at a high
magnification, respectively. Both of the SD- and S-ACs showed sponge-liked structures
at low magnification. At high magnification, the morphologies -of the SD- and S-ACs
were not obviously different. SEM images at a high magnification revealed surface
roughness with small flake-like pores smaller than 100 nm forming on the surface of
the SD- and S-ACs. These pores.were generated from the chemical reaction of NaOH.
NaOH was decomposed into sodium during activation process as shown in equation
(5.1) [51]. The pore formation by NaOH activation was related to a series of chemical
reactions and Na intercalation. The metallic sodium during the gasification process
intercalated into the carbon matrix and widening of the spaces between the carbon
atomic layer and then removing metal and inorganic compounds from the carbon
structure. The plausible reactions occurring during activation of NaOH could be shown

as follows:
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Figure 5.3 FE-SEM images-at low magnification of (a) SD2 and S-AC. FE-SEM images at
high magnification of (¢) SD1.5, (d) SD1.75, (e) SD2 and (f) S-AC

5.2.2 Surface area and porosity of activated carbon derived from

Samanea saman leaves

Nitrogen adsorption-desorption isotherms investigated the porosities of the
ACs. The isotherms of the SD- and S-ACs were as shown in Figure 5.4a. The isotherms
graphs show a steep curve atthe low-pressure range, then parallel to the relative
pressure axis at the high-pressure range. The adsorption and desorption branches
display a narrow hysteresis loop.-Thus, the SD="and S-ACs were classified as Type |
isotherms (refer to the IUPAC), implying the microporous structure. A larger adsorption
volume indicates a larger surface area. The porosity properties of the SD- and S-ACs
were summarized in Table 5.3. The SD2 shows the highest surface area and the highest
total pore volume. The specific surface area (Sger) of the SD2 shows approximately
2930 m? g, and the total pore volume (Vi) achieved approximately 1.37 cm?® gl
Besides, the adsorption-desorption isotherm of the SD1.5 exhibited a sharp knee at the

relative low pressure region (P/Py < 0.1) and a long plateau, suggesting a narrow
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micropore distribution, while those of the SD1.75 and the SD2 showed a gradually
wider curve before a long plateau, suggesting a wider micropore distribution. Fig 5.4b
exhibited the pore size distributions, which was calculated by DFT method. Therefore,
these results show that increasing the mass ratio of NaOH agent to activation provides
a sustained increase in Sger and pore volume. However, the maximum mass ratio of
NaOH was limited at the SD2 under our experimental condition. The excess NaOH
molecules in the carbon pore wall might cause catalytic oxidation and subsequently

decomposition, reducing the carbon yield as shown in equation:

4NaOH + C - 4Na + €O, + 2H,0 (5.2)

For comparison, the SD2 shows superior. properties in a surface area (2930 m?
¢!, a total pore volume (1.37 cm® ¢}, the volume ratio.of mesopore and total pore
(Vimeso/ Viotal) €0.35) and a pore size (1.72 nm), suggesting that the diréct activation is a
capable method fora mesopore development and a pore expansion even though a
lower NaOH mass ratio. The existence of mesopore and wide pore diameter of the ACs
were the critical parameters for high-performance supercapacitors, which have played
an essential role as a convenient route for fast transportation and penetration of
electrolyte ions [52]. The significant increase in surface area of the SD2 compared to
the S-ACs may attribute to the, synergistic effect of organic.compound decomposition

and NaOH activation.



a) 1400
——SD2
o | ——SD1.75
B 1200F . sD15
— ——S-AC o
™ 1000 |
5
; 800 -
.8 ﬂ:
S 600
_g i
©
o 400
E
2
o
S 200
D 1 1 1 1 i

1 1 1 1 1
00 01 02 03 04 05 06 07 08 085 10
Relative pressure (P/P)

b) F0.30  —~
B sp2 Lo.25 k-

_Sspi7s. L g

Bl so15. 020 O

| B s-Ac Y N qE,

=]

| r0.100 g

3 loos g

. 3

000 o

B W O P W T 5350 R R IR R PO T o i |

08 iebtts B o0 25 NEO( V35 DN 4n=ks50’ g5 60
Pore width (nm)

Figure 5.4 (a) N, adsorption/desorption isotherms, and (b) pore size distribution
of the SD- and S-AC

Table 5.3 Porosity properties of SD- and S-ACs

Samples | Sger | ’:E?ore; r /e \ S8, Vineso ) Wl NVori | Vioeso/ Vion
(m? ") | 'Diameter 7 fem® g | Lem? g \'(Erﬁ’,g"_)b d
S-AC 2403.1 1.63 7 0.86 0.75 ' 0.10 0.87 0.11
SD1.5 1790.2 1.64 0.67 0.58 0.09 0.87 0.13
SD1.75 21123 1.72 0.92 0.65 0.27 0.71 0.29
SD2 2930.2 112 1.5 0.89 0.48 0.65 0.35

2 BET (Brunauer-Emmett-Teller) surface area. ® Pore Diameter from DA method. © Total pore volume from DFT

method. © Micropore-Mesopore volume from DFT method.
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5.2.3 Crystallinity of activated carbon derived from Samanea saman

leaves

The crystallinity of the SD- and S-ACs was characterized by XRD technique
in the 20 range of 12° to 69°. As shown in Figure 5.5, XRD patterns of SD- and S-ACs
showed two board peaks at approximately 24° and 44.6° , related to the (002) and
(100) planes. It was identified as amorphous carbon. Furthermore, the low intensity of

diffraction peak identified a disordered carbon structure and amorphous carbon.
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Figure 5.5 XRD diffraction patterns of all samples
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5.2.4 Crystal plane structure of activated carbon derived from Samanea

saman leaves

Raman spectroscopy techniques investigated crystal plane structure. Figure
5.6 shows the Raman spectra of the SD- and S-ACs. A couple of broad peaks, implying
that as D-band and G-band by position approximately 1360 cm™ and 1600 cm™ were
observed. Commonly, the D-band was caused by disordered carbon structures, and G-
band arises from the stretching of the C-C bond in graphitic materials. The intensity
ratio of D-band to G-band (Ip/lg) is proportional to the ratio of defect sites in carbon
materials. The value of Ip/lg'tended to decrease when chemical impregnation ratio
increased (SD2 (0.97) < SD1.75(0.98) < SD1.5(0.99)). This shews that at higher NaOH
contents were decompased organic components ‘and-amorphous structures during
activation, generating a higher degree of eraphitic structures. Compared to the S-AC,
the ratio of I/l of the SD-ACs show higher than" the S-ACs. Accerding to, the
conventional activation applies thermal treatment both the carbonization process and
activation process, thus enhancing the graphitic degree. Moreover, A stable carbon
network of ACs witha lower surface area results ina high graphitic structure. However,
it needs to adjust the balance between the degree of eraphitic carbon structure and a

heteroatom content to obtain the maximum supercapacitor performance.
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Figure 5.6 Raman spectra of all samples

5.2.5 Element composition of activated carbon derived from Samanea

saman leaves

The elemental.composition and chemical states of the ACs were investigated
by using XPS technique. The:summarized data of Table 5.4 exhibited the quantitative
analysis of elemental composition. The ACs consisted of carbon, oxygen and nitrogen.
The carbon contents of SD1.5, SD1.75, SD2 and S-AC were calculated as 86.7, 87.6,
88.4 and 90.6 at%, respectively. The superior graphitic carbon content of the S-AC than
that of the SD-ACs was consistent with the results of lp/l; from Raman spectra. On the
other hand, the nitrogen-enriched ACs play an important role in improvement of
electrical conductivity and pseudocapacitance behavior of supercapacitor The nitrogen

contents of the SD1.5, SD1.75, SD2 and S-AC were calculated as 3.6, 4.2, 4.6 and 1.7
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at%, respectively. Nitrogen content of the SD2 was approximately 3 times higher than
that of the S-AC. The ratios of nitrogen and carbon (N/C ratio) are in the following
order: SD2 (5.2 %). > SD1.75 (4.8 %) >> SD1.5 (4.1 %) > S-AC (1.8 %).

Moreover, nitrogen content of the S-AC after activation decreased from 2.2 at%
to 1.7at%, compared to the carbonized S-ACs. Chlorophyll may be decomposed with
other organic compounds during carbonization at 600°C for 2 hours, resulting in a
decrease of nitrogen content. The source of nitrogen in SSLs may come from
chlorophyll. The chlorophyll is green pigments found in chloroplasts of plants,
providing nitrogen self-doped. ACs. The main elemental composition of SSLs were
carbon, nitrogen, oxygen, magnesium' and sulfur. The atemic ratio of nitrogen to
magnesium is’ approximately 3.6, corresponding. to the molecular structure of
chlorophyll: The chlorophyll is four pyrrole rings containing nitrogen arranged in a ring
around a maenesium ion, and a long hydrocarbon tail [53]. Thitrogen content in the
SSL-derived -activated carbon. is approximately 4.6 at%. This value is comparable to
the nitrogen-doped mesoporous by post treatment under ammonia atmosphere which
including ' nitrogen approximately 2.96 - 7.8 at%. These results suggest that direct
activation of ‘nitrogen-containing agricultural wastes is a premising method to obtain
nitrogen self-doped activated carbon.

TheN1s spectra were-deconvoluted to investigate their nitrogenated
structures as shownin Figure 5.7. Four main peaks of nitrogen in different chemical
states in the carbon network.were located at approximately 398.3, 399.8, 401.1 and
403.6 eV, presenting to the pyridinic nitrogen (N-6), pyrrolic nitrogen (N-5), quaternary
nitrogen (N-Q) and oxidized nitrogen (N-X), respectively. The content of each
nitrogenated structure was estimated based on peak area as shown in Table 4.4. N-5
was the main component of all samples, while other nitrogen configurations were in
the following order: N-X < N-Q < N-6. The dominant N-5 is depicted from the
chlorophyll structure that consists of four pyrrole rings containing nitrogen arranged in

a ring around a magnesium ion, and a long hydrocarbon tail.
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In general, N-5 and N-6 with two sp? carbon atoms contribute electron lone
pairs into carbon systems and induce electron donor and chemical reactivity of the
carbon atoms and serving a prominent role in the pseudocapacitance behavior. In case
of N-Q, nitrogen atom is inside an aromatic ring, enhancing the electrical conductivity
of carbon materials. It is theoretically proved that the nitrogen acts as electron donor
in the carbon networks. The electrical properties of the ACs were investigated by Hall
effect measurement. The resistivity and charge density of the SD2 and S-AC were
calculated approximately 0.78 @ cm, 1.09 x 1019 cm™ and 0.82 Q*cm, 5.03 x 1018 cm
3

, respectively. The higher carrier density and lower resistivity are an evidence of a

higher nitrogen doping in SD2. These results are consistent with.the XPS analysis.



Table 5.4 Chemical composition of the SD- and S-ACs evaluated from XPS spectra

Sample | Content(at%) | ~nec | Relative N1s peak area *at9%)
: e e N | rtio | e
i oo N6 | N5 | oNa | X
D15 | 867 9.7 36 | 415 0.87 1.98 0.58 0.17
SD1.75 | 876 8.2 4.2 4.79 1.03 2.34 0.72 0.11
SD2 88.4 7.0 4.6 5.20 1.10 2.58 0.87 0.05
S-AC 90.6 7.7 L 1.82 0.41 0.72 0.40 B.i7

*Pyridine N (N-6), pyrrolic N (N-5), quaternary N (N-Q) and oxidized pyridine N (N-X)

404 403 402 401

Figure 5.7 (a) N 1s and (b) O 1s XPS spectra of the SD- and S-ACs
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5.3 Electrochemical properties of activated carbon derived from

Samanea saman leaves
5.3.1 Electrode preparation

The synthesized ACs were pre-treated at 100 °C in a vacuum oven overnight
before tablet formation. The AC tablets were prepared by mixing the synthesized ACs,
carbon black and polytetrafluoroethylene at the weight ratio of 90:5:5 in a mortar.
After that, the mixture was pressed under a pressure of 10 kN using a 10-mm diameter

mold to form an electrode tablet by pressing

Regarding to characterization of  electrochemical properties of electrode
material, the AC tablets were assembled into a coin-cell structure (2032-type coin cell)

as cathode and anode electrodes

5.3.2 Electrochemical measurement systems

The electrochemical properties of the electrode material and cell based on
ACs derived from.Samanea saman leaves were characterized by two-electrode system
(Metrohm AUTOLAB PGSTAT 302). Summary of the test condition based on organic
electrolytes and the test conditions of electrochemical properties are shown in Tables

5.5 and 5.6, respectively:



Table 5.5 Test condition based on organic electrolytes

86

Electrolyte : 1M TEABFz* in PC

Assembly condition Inert atmosphere (Glove box)
Measurement system Two electrodes

Structure Coin cell

Electrode ACs derived from Samanea saman leaves
Photograph

measurement

* TEABF, : Teraethylammonium tetrafluoroborate



Table 5.6 Measurement condition of electrochemical properties based on organic

electrolyte
Technigue Parameter
(Organic electrolyte: 2-electrode cells)
Cyclic voltammetry (CV)
AR Potential window 1025V
yelic ~(ccn‘\:=)'-='e ry
é — —
: Scan rate 1mvs!
E Voltage E;
Galvanostatic charge/discharge
(CD) Current density 0.02Ag!

Golvansiatic choroe/dis:hare
{CD)

Voltage

/\/\/\ Potential window 25V

time

Electrochemical impedance

spectroscopy (EIS) Frequency range 0.1 Hz - 1 MHz

20)
.

o Amplitude voltage 5mv

.....
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5.3.3 Electrochemical performance of activated carbon derived from

Samanea saman leaves

Electrochemical properties were characterized in terms of cyclic
voltammetry (CV), galvanostatic charge-discharge (CD) and electrochemical impedance

spectroscopy (EIS) techniques.

1) Cyclic voltammetry (CV)

The CV curves of all samples at a scan rate of 1 mV s in the potential
window range of 0 — 2.5 Vare shown in Figure 5.8. All curves show a rectangular shape,
implying electrical double-layer capacitance behavior at the interface between
electrode material and electrolyte. Especially, the SD-ACs showed an additional hump
at the potential at approximately 1.6 V. Thisthump may be due to redox reactions of
the nitrogenated functional groups. In case of the S-AC, the hump was not clearly
observed. This may be due to its lower nitrogen content. Normally, a large CV curve
implied a higher specific capacitance. Focusing on the SD1.75, the larger curve of the
SD1.75 compared to-that of the S-AC implied its-higher specific capacitance even
though " its tower _surface. These results show that pseudocapacitance due to

nitrogenated functional groups can effectively enhance capacitance of the ACs.
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Figure 5.8 CV curves of the SD- and S-ACs
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2) Galvanostatic charge-discharge (CD)

The galvanostatic charge-discharge (CD) tests of two-electrode system were
operated at a current density of 0.02 A g’ in a window voltage from 0 to 2.5 V. CD
curves of all samples were shown in Figure 5.9. The specific capacitances (Cs) were
calculated from CD curves by the equation (3.10). All CD curves are a relatively
symmetric triangular-type shape, indicating an excellent electrochemical reversibility
and supercapacitive behavior. The CD curves of the SD-ACs showed a longer charge-
discharge time, implyinga higher specific capacitance than the S-AC. The gravimetric
capacitances of the SD2, SD1.75, SD1.5 and 5-AC were 180, 169, 151 and 138 F ¢,
respectively. The volumetric capacitances of the SD2,-SD1.75, SD1.5.and S-AC were 88,
86, 76 and 75 F cm?, respectively. The values of the specific gravimetric and volumetric
capacitances. of each electrode material were in the following order: SD2 > SD1.75 >
SD1.5 > S-AC. Electrochemical properties are summarized as shown in Table. 5.7. The
SD2 exhibited the highest electrochemical performance in both specific gravimetric
and volumetric capacitances. These results were attributed to the synergistic effects
of the highest surface area.and additional pseudocapacitance due to nitrogen-

containing functional groups.
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Figure 5.9 CD curves of the SD-and S-ACs

3)  Electrochemical impedance spectroscopy (EIS)

The electrochemical \impedance of the ‘ACs derived. from Samanea saman
leaves were characterized, Nyquist plots of all samples obtained at the amplitude of
5 mV in the frequency range between 0.01 Hz to 1 MHz as shown in Figure 5.10. All

samples present similar semicircle curves with a straight line, but different x-intercepts

and diameters. The x-intercept (7" ()-can be interpreted as the Ry of the electrode
which is the total.resistances of the electrode material, etectrolytes, and the contact
resistance betweenthe collector. and electrode material. The diameter of the
semicircles can be interpreted as.the Rt of the electrode. The values of Rs and Rer of
the SD1.5, SD1.75, SD2 and S -AC are summarized in the Table 5.7. The SD2 shows the
lowest Rs and Rqr compared to the S-AC, implying the enhanced electrochemical

properties.
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Figure 5.10 Nyquist plot of the SD- and S-ACs
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Table 5.7 Summary of electrochemical properties of the SD- and S-ACs

S-AC 138 75 4.2 4.2
SD1.5 151 76 3.3 6.0
301,75 169 86 3.2 4.8
SD2 172 88 20 3.

The important factors to enhance supercapaciter performance are surface area,
mesopore volume, pore diameter and doping level of heteroatoms in the carbon
materials. In case of organic electrolyte, the ions in the forms of desolvated and/or
partial desolvated ions involve in capaditive behavior. Generally, the solvated ions are
larger than the desolvated ions. Thus, compared to the aqueous electrolyte, ions of
the organic electrolyte are difficult to transfer into the micropores. Hence, the enlarger
average pore diameter and the larger volume of the mesopore the SD-ACs are likely
to be preferable path for ion accessibility, resulting in the supercapacitor enhancement
in organic electrolyte system. Secondly, the nitrogen heteroatomin the SD-ACs also
plays an essential role in enhancement of capacitive performance. As evidence in the
SD1.5 and SD1.75, their electrochemical properties show the larger area of CV curves,
the longer discharge time ‘of CD curves, the smaller x-intercept and the smaller
semicircle of EIS spectra. The reason.of performance improvement can be explained
as follows: The electron lone pair existing in N-5 and N-6 can enhance electrochemical
performance by inducing the faradic reaction. The positive charged of N-Q can enhance
the electrical conductivity of carbon material. This is confirmed by the result in the

reduction of Rs and Ret of the SD2.

4) Capacitance stability
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The SD2 showed the highest specific capacitance even though at the
current densities of 0.02 A ¢'. A capacitance retention of the SD2-based
electrode was examined by using CD measurements at the current density
of 0.5 A ¢! As shown in Figure 5.11, the capacitance retention of the SD2

was of 97.5 % after 3000 cycles, suggesting the highly stable electrode.
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Figure 5.11 Capacitance retention of the SD2

5.3.4 Enhancement of energy density by extending voltage window

To improve the energy density, the SD2 was further investigated its working
voltage window. The CD curves were tested at the window voltage up to 3.5 V based
on 1 MTEABF, in PC electrolyte at the current density of 0.3 A ¢! as shown in Figure
5.12. The specific capacitance, energy density and power density were summarized as
shown in Table 5.8. The specific capacitances gradually increased with the potential
window, achieving the maximum specific gravimetric and volumetric capacitances of
electrode material of 185 F ¢! and 86 F cm™ at the potential voltage of 3.5 V,
respectively. Moreover, the inset of Figure 5.12 displays the CD curves against the

potential range of 25 - 35 V with a triangle shape, confirming the good
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electrochemical reversibility and supercapacitive behavior. However, a small voltage
drop was observed. This may be due to the relatively high viscosity and low

conductivity of organic electrolyte at ambient condition.
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Figure 5.12 Specific capacitance by various voltage of SD2 in coin cell
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Table 5.8 Summary of electrochemical properties of the SD2 at the voltage window

up o 3.5V

2.5 163 76 35 542
2.8 167 ; 78 a6 602
3.0 14 80 o™ 649
3.2 176 82 62 702
I § 185 86 7o 830

Figure 5.13 shows the Ragone plot, a plot of power density against energy
density, of the SD2 cell compared to other supercapacitor cells -based on other
agricultural wastes prepared by both conventional and direct methods. The summary
data of each cell is shown in Table S1 at appendix section. The SD2 cell showed an
energy density.and a power density of 35 Wh k¢! and 542 W ke at 2.5 V and 79 Wh
kg and 830 W kg.at 3.5V, respectively, exhibiting the improvement in energy density
compared to ACs in other works. Moreover, as shown in Figure 5.14, a coil cell based

on the SD2 was successfully lishted up the 64 super-bright white LEDs and 54 red LEDs.
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Figure 5.14 Photograph of coil cell of the P800 light up 64 white and 54 red LEDs.
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5.4 Summary

The nitrogen self-doped ACs derived from direct activation of SSLs for
supercapacitor with high energy density were successfully prepared. The SD-ACs were
synthesized by impregnating with NaOH and directly activated at 720 °C without
carbonization step. The weight ratio of raw SSLs and NaOH was optimized. Surpassing
the ACs prepared by the conventional two-step method, the optimum condition was
1:2 (SD2) with the superior properties as follows:

Surface area: 2930.m?g’!
Total pore volumer™ 1.37 cm? ¢!
Nitrogen content: 4.6 at%.

The SD2 affords a nitrogen, self-doping during a direct activation of SSLs with the

highest content of N-5 that may come from chlorophyll component. Besides, the SD2

exhibits the highest electrochemical performance in the organic electrolyte as follows:

Gravimetric. Capacitance: 180 F ¢!

Volumetric capacitance: 88 F cm?

Capacitance retention: 97.5 % at a current density of 5A ¢!
Highest voltage window: B, 5

Energy density: 79 Wh kg

Power density: 829 W kg

The direct activation of nitrogen-enriched SSLs ‘presents the advantages in terms
of a short-time process, low cost with-a high surface area and a high content of

nitrogen, providing a nitrogen self-doped ACs for high energy density supercapacitors.



CHAPTER 6
CONCLUSIONS

6.1 Synthesis of nitrogen-doped activated carbon derived from
silkworm pupae and Samanea Saman leaves for supercapacitor

application

Nitrogen self-doped ACs were successfully.synthesized from nitrogen-containing
agricultural wastes. Silkworm pupae were used as a.starting material and were
prepared by hydrothermal carbonization and ZnCl, activation, while Samanea Saman
leaves were used as a starting/material and were prepared by NaOH direct activation.
The obtained ACs from different sources showed different properties

(1) Nitrogen self-doped ACs derived from silkworm pupae exhibited properties as
follows:

Surface area: 1062 - 1267 m? ¢
Total pore volume:  0.73 - 0.77 cm> ¢!
Nitrogen content: 3.8 -6.4 at%

The main nitrogen-containing functional group is-N-Q. This-may be derived from
amino acid groups. existing in silkworm pupae. The P800 prepared at the activation
temperature of 800 °C exhibited the highest electrochemical performance as follows:

Specific capacitance:155-F¢1in 1. M'Na,SO*
91.6 F ¢! in 1M TEABF, in PC
Capacitance retention: 97.6 % @3000 cycles
Energy density: 18 W h keg'!in 1M TEABF, in PC
Power density: 268 W kgt in 1M TEABF, in PC
Compared to commercial ACs (YP50), the P800 exhibited the highest
electrochemical performance with the highest specific capacitance, approximately 3.0

and 1.2 times higher than that of the YP50 in agueous and organic electrolytes,



g9

respectively. These results imply the dominant effect of nitrogen content rather than
surface area. The high nitrogen content may enhance pseudocapacitance and
improves electrical conductivity. These results demonstrate that silkworm pupae
waste is a potential raw material for the preparation of the nitrogen self-doped AC,
which is an attractive electrode material for application in supercapacitor and

contributes to the added value of silkworm pupae waste.

(2) Nitrogen self-doped ACs derived from Samanea Saman leaves (SSLs) exhibited
properties as follows:
Surface area: 2930 m?g*
Total pore volume:(: 1.37.cm’ ¢!
Nitrogen content: 4.6 at%
The main-nitrogen-containing functional group is N-5. This may be derived from
chlorophyll structure. The SD2 (the weight ratio of SSLs and NaOH of 1:2) prepared at
the activation temperature of 720 °C exhibited the highest electrochemical

performance in 1M TEABF, in PC as follows:

Gravimetric-capacitance: 180 Fig!

Volumetric capacitance: 88 F cm”®

Capacitance retention: 97.5 % at-a current density of 5 A g™
Highest voltage window: 3.5V

Energy density: 79 Wh ke

Power density: 829 W kg

The direct activation of nitrogen-enriched SSLs presents the advantages in terms
of a short-time process, low cost with a high surface are, a high content of nitrogen
and a widening voltage window, providing a nitrogen self-doped ACs for high energy

density supercapacitor.

Summary of the ACs prepared from different starting materials is shown inTable 6.1.

Comparison of nitrogen content prepared by different methods are shown in Table 6.2.
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Table 6.1 Summary of the ACs prepared from different starting materials

N-content at% 5.2 4.6
Surface area m? g’ 1188 2930
Pore diameter nm 1.48 L.72
Pore volume gt 0.73 1.37
M
sodtl 154 322
pecific N8,SOs
capacitance
| M
(F g 92 179
TEABF,
Maximum
Wh kg 18@25V 79 @35V
Energy density
Yield % 5 10
Total process
Hour 80 5¢
time
Low yield & long cycle
Feasibility 2 Large scale production

time
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Table 6.2 Comparison of nitrogen content prepared by different methods

Samanea saman Post-doping
Silkworm
leaves (Literature reviews)
Nitrogen (at%) 52 4.5 29-178
Main N-
N-Q N-5 N-5
compound
M Chlorophyll
Amino Acid Structure S
Origin of TN X N
rigin o N N={ O
: H_,\'J._‘C'__CT_OH (o Urea (CHaN,0), NH_
nitrogen ol (B 3 oI __A\ Scn
Group Group T 1 7
, i A
Side Chain mcﬂ ‘fo o

6.2 Suggestions for future work

6.2.1 For practical application, a large-scale preparation of the ACs is required.
The optimal parameter for a large-scale preparation should be furthered studied.
6.2.2 To obtain the maximum electrochemical properties, the selection of organic

electrolyte with the size corresponding to the pore size of the ACs should be further

investigated.
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1. Electrochemical properties of activated carbons derived from

Silkworm pupae waste in 1 M TEAB,

1.1 Electrochemical impedance spectroscopy (EIS) based on organic electrolytes

The EIS test can explain electrochemical impedance by showing the Nyquist
plot of supercapacitor based on organic electrolytes. Figure S1 shows the Nyquist plots
of each electrode in the frequency range between 1 Hz - 1 MHz with an amplitude of
5 mV. From Nyquist plot, the series resistance (Rs) and the kinetic resistance to the ion
transfer (Rc1) can be determined. The values of Rg of the P700, P800, P900, and YP50

were 2.7, 2.5, 1.8 and 1.3 Q, respectively. The values of Rey of the P700, P800, P900,

and YP50 were 18.8, 10.1, 4.8 and 10.8 Q, respectively.
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Figure S1 Nyquist plot of the P-ACs and YP50
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2. Electrochemical properties of activated carbons derived from

Samanea saman leaves in 1 M Na,SO,

2.1 Cyclic voltammetry (CV)

Electrochemical properties of each electrode using three-electrode system was
measured at a potential range of 0.2 - 0.8 V at scan rate 1 mV s in 1 M H,S0,. Figure
52 shows CV curves of SD- and S-ACs. The SD2 showed a hump located at
approximately 0 V, implying that it eenerated from redox reactions of the nitrogen
functionalities. The area of the CV.curves of the SD2 was the largest, implying that a

high capacitance came from high surface area and nitrogen content.
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Figure S2 CV curves of the SD- and S-ACs

2.2 Galvanostatic charge-discharge (CD)

The galvanostatic charge-discharge (CD) tests based on three-electrode system
were measured in the potential range of 0.0 — 1.0 V at the current density of 0.3 A g

as shown in Figure S3. All CD curves displayed a quasi-triangular shape, indicating a
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good electrochemical reversibility and supercapacitive behavior. The values of the
gravimetric capacitances of each electrode was calculated by CD curves. The
gravimetric capacitances of the SD2, SD1.75, SD1.5 and S-AC were 322, 280, 205 and
83 F g, respectively The SD2 showed the longest charge-discharge times, given the
highest specific capacitance values. The highest surface area, volumes of micro- and
meso-pores and the highest nitrogen content played a dominant role in the highest
gravimetric capacitance. This evidence result of the SD1.75 shows the higher specific

capacitance even though its lower surface area than the S-AC.
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Figure S3 CD curves of the SD-and 5-ACs



Table S1. Comparison of electrochemical performance in organic electrolyte of this work and other recently works
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Silkworm HTC ZnCl, 800/1 1188 91 0.2 1 M TEABF,/PC 175 1698 25 1
pupae
Tobacco rods HTC KOH 900/1 2097 144 0.5 CH,(C,Hs);NBF£AN 313 625 25 2
Wheat bran HTC KOH 800/1 2189 129 0.25 1.M TEABF /AN 32.7 1351 27 3
Green leaves Pyrolysis/600 NaOH 720/1 2664 188 0.02 1 M TEABF,/PC 39 1700 25 4
Paper pulp HTC KOH 800/1 2980 166 0.1 1M TEABF#AN 30 57 30 5
Silkworm Pyrolysis/500 KCH 900/}2 3386 156 & 1 MTEABF /AN 344 3125 24 6
cocoon
Seaweeds Pyrolysis/900 = 1307 94 1 1'M TEABF /AN 17.3 1150 23 7
Rice husk Microwave assisted 600 W 1552 94 .05 1 M TEABF,/PC 19.3 1007 27 8
Zncl,
Coconut shell ZnCl,+FeCl, 900/1 1874 196 1 1 M TEABF,/PC 54.7 10000 30 9
Onion husks K,CO, 800/1 2571 188 0.5 1 M TEABF,/AN a7.6 675 27 10
S. saman - NaOH 720/1 2930 179 0.02 1M TEABF/PC 79 830 35 This
leaves work

2 SSA: Specific surface area. © Cg: Specific capacitance. © Ip: Current density. ¢ E: Energy density. © P: Power density.

*Electrolyte: TEABF,/PC: Tetraethylammonium tetrafluorcborate in propylene carbonate, TEABF,/AN: Tetraethylammoniurn tetrafluoroborate in acetonitrile, CH4(C;H5)sNBF/AN: Triethyl-

methyl-ammonium tetrafluoroborate in acetonitril
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