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ABSTRACT

In order to mitigate climate change and ensure stable energy supply, energy storage is
essential. Activated carbon (AC) has a large surface area which makes it ideal electrode
for energy storage devices such as supercapacitors. In this work we have used Amla
seeds as precursors to produce AC because of their novelty and managing agricultural
waste. The AC was produced at temperatures of 400°C, 500°C, and 600°C using
Phosphoric acid as activating agent. Their characterization showed AC prepared at 500
OC and 600°C had the highest surface area and amorphous contents. They also showed
the comparatively high specific capacity of 0.113 Fcm2and 0.0729 Fcm ™2 respectively
for samples at temperatures 500°C and 600°C which means the AC prepared at these
temperatures are suitable for energy storage devices.

Keywords: Activated Carbon, Electrode, Energy Storage, Energy Density
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CHAPTER ONE: INTRODUCTION

1.1 Background

In our daily lives we use energy in various ways. From smartphones to lightning to
using equipment heavy or light, we are dependent on energy, which is why energy is
without a doubt our most important resource. A rapidly growing economy and rising
living standards are all due to innovation in energy usage. Energy isn't just needed for
business; it's vital to our survival(Pani et al., 2022).

The changes in our usage and sources of energy have been astounding. The industrial
revolution which began more than 250 years ago ushered in a revolution in energy
usage. Coal triggered this huge shift which was the main source of energy then. With
the passing of time, oil and gas also gained prominence and became a key face in energy
sources. The love for these sources still remains. Nonetheless, numerous more energy
sources have been recorded, including hydro, solar, nuclear, wind, geothermal, biogas,
and wave(Ahmad & Zhang, 2020). Although their usage is very limited, their rapid
growth over the past few years shows they will prove to be an integral part of our energy
mix shortly. These energy sources are clean as well as renewable in the sense that
hydrocarbons are finite and their use harms us and the environment as well. Hence, it
is necessary to move to clean and sustainable energy sources from non-renewable ones
to continue economic growth and stop environmental deterioration. Renewable
resources have not been effectively utilized despite their huge benefits for a variety of
reasons. The causes might be due to technical limitations, high startup costs, or political
pressure. While the wealthy nations have been too sluggish and hesitant to transmit
their technology owing to the greater cost and political reasons, the least developed and
emerging countries also confront technical backwardness and hurdles. Some of these
issues are related to politics, finances, and willpower but the most important technical
issue is that resilient and cheap energy storage options that are still in development(Arto
etal., 2016) .
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Figure 1: World Primary Energy Consumption by Source 1965-2021 (Ritchie et al.,
2020)

1.2 Energy Storage

Scientists and politicians are increasingly focusing on energy storage options because
of growing worries by the public about the effects of fossil fuels on the environment as
well as the capacity and resilience of electricity systems worldwide. Energy storage can
help address the erratic nature of solar and wind energy. Additionally, it often can react
fast to substantial shifts in demand, enhancing grid responsiveness and reducing the
need to build backup power plants. The efficiency of an energy storage facility is based
on the pace at which energy is wasted throughout the storage process, the ability to
adjust for fluctuations in demand, the total amount of energy it can store, and the speed
at which it can be recharged. Energy storage devices serve as a reservoir for the
electrical system, storing surplus energy produced during periods of high production

and releasing it when needed (Gallo et al., 2016).

There are several techniques to store energy, each having its advantages and
disadvantages. Though energy storage options like pumped-storage power is often used
for large-scale energy operations, we also need portable small-scale storage options like

batteries and supercapacitors (SCs).

There are two essentially different ways that electrical energy may be stored:



(1) indirectly in batteries as potentially available chemical energy requiring the
electrochemically active substances to undergo faradaic oxidation and reduction
so they can release charges that can carry out electrical work when they are in
contact with two electrodes having various electrode potentials and

(2) electrostatically, as opposing electric charges on a capacitor's plates, a method

known as non-faradaic electrical energy storage (Frackowiak, 2013).

The most fundamental difference between these two is that chemical changes are
involved in the faradic process while it is not involved in the non-faradaic process. No
electron transfer takes place in a non-faradaic process (Yu et al., 2017).

Although capacitors have low energy density; with high surface area and double layers,
the capacitance can be increased significantly. Supercapacitors are one such energy

storage device with a high capacitance value(Olabi et al., 2021).

1.3 Supercapacitors

Supercapacitors (SCs) are electrochemical energy storage devices that store and release
energy by reversible adsorption and desorption of ions at the interfaces between
electrode materials and electrolytes(Q. Li et al., 2014). SCs have an advantage over
traditional batteries in the sense that SCs have a high specific power. They can deliver
energy quicker, have a long service life, and have excellent temperature performance.
In terms of storing or delivering electric charge, SCs can be compared to rechargeable
batteries, although their process of charge storage is different from that found in
batteries. As a result, SCs shouldn't be seen as a substitute for batteries but rather as an
additional kind of energy storage that fills a specific power and energy need(Beguin &
Frackowiak, 2013). The specific energy and specific power ranges of SCs may span
many orders of magnitude with the right cell design, making them incredibly adaptable
as a stand-alone energy source for some applications or in conjunction with batteries as
a hybrid system. This special mix of strong specific energy and high-power capabilities
enables SCs to position as a transitional system between batteries and conventional

capacitors (Liu et al., 2020).
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Figure 2: Ragone plot for different energy storing devices(Liu et al., 2020)

1.3.1 Types of SCs

The main function of a supercapacitor is to store energy by dispersing charged ions in
the electrolyte on the electrode surfaces. The electrical double-layer capacitor, the first
kind of supercapacitor, allows for reversible ion electrostatic accumulation on a porous
electrode's surface. Carbon compounds with a wide surface area fall into this group.
Second, the reversible redox process involving electrolyte ions and surface functional
groups is a component of the pseudocapacitor category. The third type of capacitor is a
hybrid capacitor, which combines an electrode similar to that of an electrical double-

layer capacitor with an electrode similar to that of a faradaic battery(Shafiei et al.,

2021).
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Figure 3: Types of Supercapacitors(Oyedotun, 2018)

1.4  Electric Double Layer Capacitor (EDLC)
Since von Helmholtz created and modeled the double-layer notion in his work on
colloidal suspensions in the nineteenth century, the idea of the double layer has been

researched by chemists(Rajapaksha et al., 2022).

According to the Helmholtz double-layer model, two oppositely charged layers
separated by an atomic distance form an electrode-electrolyte interface(Pandolfo et al.,
2013). In the late nineteenth and early twentieth century, this concept was further
expanded to include the surface of metal electrodes. Stern merged the Helmholtz model
with the more accurate Gouy-Chapman model and acknowledged that there are two

areas where ions are distributed at the electrode-electrolyte interface. They are:

e Inner region called compact layer (or stern layer)

e Diffuse layer

In the diffuse layer, anions and cations are continuously distributed in solution and are
driven by thermal motion as opposed to the compact layer, where ions (often solvated)

are heavily adsorbed by the electrode(Tyagi et al., 2022).
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Figure 4: Different Models of EDLCs a)Helmholtz model b) Gouy-Chapman model
c) Stern Model(Tyagi & Gupta, 2015)

Hence, the capacitance at the electrode-electrolyte interface double layer (Cai) has two
components i.e., compact double layer capacitance Cx And diffuse layer capacitance

Cuifr. The overall capacitance is hence given by the relation (Helseth, 2021)

1 1 1

— =
Cai  Cu  Casr
Eq.(1)

The capacitance of the EDLCs is determined by the electrode material (conducting or
semiconducting), electrode area, accessibility to the electrode surface, the electric field
across the electrode, and electrolyte/solvent properties (i.e., their interactions, size,

dipole moments, etc)(Ratajczak et al., 2019).

Since the electrode material in EDLCs is frequently quite porous, the behavior of the
double layer at the pore surface is more complicated. The double layer's dimensions
can be equivalent to the effective pore width in extremely small pores, which means
that when the diffuse layer is extended into the pore, diffuse layers from opposing
surfaces may overlap and cause the ions in the diffuse layer to be redistributed(Beguin
& Frackowiak, 2013).



1.5 Electrode of EDLC

EDLCs benefit from the numerous and frequently mentioned characteristics of carbon
materials, such as their availability, low to moderate cost, and good electrical
conductivity. The ultimate performance of carbon-based supercapacitors in EDLCs will
be tightly correlated with the chemical and physical properties of the graphite
electrodes(Shafiei et al., 2021).

1.6 Activated Carbon as an electrode for EDLCs

The most used material in the form of active material in commercial EDLCs is Carbon.
A unique mix of strong conductivity and extremely high surface area makes AC
incomparable. In addition to this, stable supply and well-established fabrication
procedures make ACs attractive materials for EDLC preparation. The pores in AC are
of different types and provide the surface for ions. The pores range from visible to
nanometer in dimensions. According to the IUPAC (International Union of Pure and

Applied Chemistry), three groups of pores are distinguished, according to the pore size:
e Macropores (> 50 nm diameter)
e Mesopores (2-50 nm diameter)

e Micropores (< 2 nm diameter) (L. Li et al., 2002)

Mesopore

Macropore

Figure 5:Pores of Activated Carbon(Shiratori et al., 2009)



Due to the effective adsorption of electrolyte ions, micropores are the main source of
capacitance. Mesopores and macropores provide channels for ions to reach micropores.
Activated carbons with high surface areas and acceptable pore size distributions are
more likely to exhibit very good electrochemical performance. Therefore, activated
carbons with micropores optimized for capacitance and an appropriate amount of
mesopores for high capacity performance are highly desirable for EDLCs. (Ma et al.,
2021).

Physical or chemical activation processes can be used to create porous activated carbon.
Physical activation generally requires high temperature hence we used chemical

activation using phosphoric acid for the AC synthesis(Williams & Reed, 2006).

There are many studies to prepare activated carbon using a precursor of biomass of
wheat, corn straw, olive stones, Lapsi seeds, etc (Joshi, 2017; Yahya et al., 2015). This
research aims to use a locally abundant novel biomass-based precursor of amla seeds
native to our area and activated using easily available phosphoric acid. Though the
application of AC is diverse we will use it as an electrode for energy storage

applications.

1.7 Material

Amla (Phyllanthus emblica) is a deciduous tree found in South Asia. It is used mainly
as a medicinal plant(Saini et al., 2022). In this thesis, seed stones of amla are used as a
lignocellulosic precursor to produce Activated Carbon. Lignocellulose refers to the
biomass of plants containing cellulose, hemicellulose, and lignin(Mehta et al., 2020).
Amla was chosen as the precursor because of its nativity to our area, managing
agricultural waste during medicine preparation and the lack of literature on the

production of activated carbon using this material is virtually nonexistent.

1.8 Synthesis of AC

AC can be made from carbonaceous material by carbonization in an inert atmosphere
and then activating the carbonized product. The process of carbonization produces fixed
carbon with a simple pore structure. The pores' width increases during activation and
new pores are also produced. There are two categories of activation techniques:
chemical and physical(Naji & Tye, 2022). Physical activation is done in two steps:
carbonization and activation utilizing high-temperature oxidizing gases like carbon

dioxide and steam. On the other hand, chemical activation just requires one step (Joshi,

8



2017). In this procedure, a dehydrating agent is used to activate the precursor before
carbonization in an inert environment. Lower carbonization temperatures, improved
pore structure, and high product yield are major benefits of chemical activation over

physical activation.

1.9 Activating Agent

In chemical activation processes, well-known chemical agents, i.e., ZnClz, H3POa,
H>SO4, NaOH, KOH, and K>COs, are used to activate carbons, resulting in a high
surface area and appropriate porous. structure (Yahya et al., 2015). The most used
activating agent for the synthesis of activated carbon is HsPO4, ZnCl>, and KOH. In this
work, we use Phosphoric acid as an activating agent because zinc chloride activation
causes problems such as corrosion, inefficient chemical recovery, and environmental
disadvantages(Husien et al., 2022). Also, KOH as an activating agent requires a high

temperature for activation(Karapinar, 2022).

1.10 Carbonization Temperature

The temperature at which Activated carbon is called Carbonization temperature. As
carbonization temperatures increase, the surface area of AC products increases and AC
yields decrease. This can be attributed to the volatilization process (Lim, 1996). The
lignocellulosic precursors must undergo a thorough chemical transformation into
graphene structures at a minimum carbonization temperature of 400 °C(Veeramani et
al., 2017).

1.11 Carbonization Time

During the carbonization process, the carbonization period should be long enough to
allow the development of porosity in AC and volatiles from the precursor. However, if
the carbonization process takes too long, the pores widen and the surface area
decreases(Uner & Bayrak, 2018).

1.12 Chemistry of Activation

The precursors for preparing ACs are lignocellulosic or cellulosic in nature. It has been
shown that the impregnation ratio which is the ratio of the weight of the impregnant to
the precursor, and the activation temperature control the characteristics of the resulting
activated carbons(Jagtoyen & Derbyshire, 1993).



Phosphoric acid-impregnated particles take on an elastic quality. The acid separates the
cellulose fibres and partly depolymerizes lignin and hemicellulose (the main
components of the matrix). As a result, mechanical resistance is reduced. The particle
swells because of these effects. Due to the substantial quantity of tar that can be seen
on the surface of the particles, impregnation also initiates carbon conversion. Tars are
created when phosphoric acid catalysed depolymerization of cellulose occurs, which is
then followed by dehydration, condensation, and the production of further aromatic and
reactive chemicals with some cross-linking (Solum et al., 1995). The presence of
phosphates may cause further cross-linking to occur. Even if the structure of carbon
impregnated at low impregnation ratios resembles char, increasing acid concentrations
show a more obviously damaged surface. The original cellular form of the precursor is
lost because a substantial component of the cellulose structure has been taken from the
inside to the outside of the particle and destroyed at high concentrations (Figueiredo et
al., 1999).

During heat treatment, HsPO4 has a drying effect on the inside of the particles
i.e. components of cellulose, hemicellulose, and lignin. Because the chemical is a liquid
at the process temperature, the bonding to the precursor is thermally destroyed,
resulting in dehydration. All pore sizes grow in proportion to the increased volume of
micropores caused by the phosphoric acid-induced widening of microporosity,
resulting in activated carbons with different micropore volumes but the same micropore
size distribution (Marsh & Reinoso, 2006).

1.13 lodine Number

The iodine number (IN), used to determine surface area by iodine adsorption on carbon,
shows the amount of micro-pore dispersion in the carbon. To find the iodine number,
the amount of iodine adsorbed by one gram of carbon is measured in milligrams (Nunes
& Guerreiro, 2011). The iodine number and surface area are related. The iodine number
was determined according to the standard method (Haimour & Emeish, 2006).

1.14 Methylene Blue Number
The Methylene Blue Number (MBn), which is also used to calculate surface area,
reveals the amount of mesopore dispersion in the carbon. The greatest quantity of

methylene blue dye that may be absorbed by 1 g of adsorbent measured in mg gives the
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MBn. MBn of the AC was determined by single point adsorption isotherm method

according to procedure (Raposo et al., 2009).

1.15 Surface Area

The Surface area of ACs is mainly measured using the Brunauer-Emmett-Teller (BET)
method(Mianowski et al., 2007). The approximate surface area can be determined by
the adsorption of iodine and methylene blue dye (Nunes & Guerreiro, 2011). The iodine
number gives an approximate measure of the micropore content while the methylene
blue number gives mesopores content in the AC. This method does not require
sophisticated equipment, hence is less expensive. It is considered a simple, easy, and
quick method for evaluating the surface area of micro and mesopores carbons(Sahin et
al., 2015).

1.16 X-Ray Diffraction

An X-ray diffraction technique determines a crystal's structure by analyzing how the
structure of a crystal causes an X-ray beam to diffract in several different directions.
Cathode ray tubes produce X-rays, which are then focused and collimated to produce
monochromatic radiation before being directed onto materials. Using measurements of
the angles and intensities of these diffracted beams, crystallographers can estimate the
electron density within a crystal in three dimensions. In addition to their chemical bonds
and crystallographic disorder, this electron density also provides information about the
mean position of the atoms in the crystal. Identification of unknown crystalline
materials (such as minerals and inorganic compounds) is widely performed by using
this technique. X-ray diffraction technique is essential for studies in geology,
environmental science, materials science, engineering, and biology to determine
unknown solids(Ali et al., 2022).

1.17 Fourier Transfer Infrared (FT-IR) spectroscopy

Fourier transform infrared (FT-IR) spectroscopy is used for further characterization of
activated carbon as well as synthesized composite particles. The functional groups
present at the surface of activated carbon can be identified by this analysis(Mozhiarasi
& Natarajan, 2022). This technique is very widely used in which the data is collected
and converted from an interference pattern to a spectrum(Berthomieu & Hienerwadel,
2009).
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1.18 Raman Spectroscopy

One of the most effective methods for characterizing carbon-based materials is Raman
spectroscopy since the spectral shape demonstrates a broad range of variation that
corresponds to the forms of carbon and reveals minute structural details(Staveley,
2016).

1.19 Objectives
The objective of this research work is classified into main and specific objectives as

below

1.19.1 Main Objective
» To synthesize and characterize the activated carbon from Amla (Phyllanthus

emblica) seed stones and use it for energy storage applications.

1.19.2 Specific Objectives
The specific objectives include:
« To synthesize Activated Carbon from Amla seed Stones using Phosphoric Acid
as an activating agent at temperatures 400 °C,500 °C, and 600°C
» To characterize AC using XRD, FTIR, Methylene Blue, lodine Number, and
Surface Area.
« To prepare the electrode using the synthesized AC and perform the

electrochemical characterization.

1.20 Assumptions and Limitations
The assumptions of the research work were:

e The synthesized AC with the highest surface area lies within the temperature
range of 400 °C to 500 °C.

e The synthesized AC has high specific capacitance and can be used as an

electrode for supercapacitors.

The limitations of the research work were:
e There is a time constraint for performing the characterizations, most of which
are not available in our country.
e The instrumentation and working of the electrochemical workstation require

experts in the field.
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1.21 Organization of the thesis

The thesis report consists of six chapters as follows:

Chapter One- Introduction: This chapter consists of the introduction to the related

terminologies, statement of problems and objectives of the report

Chapter Two- Literature Review. It deals with the relevant literature for this report

work.

Chapter Three: Methods and Methodologies: In this chapter, the materials and
methods used in the experiments are described and the characterization techniques

have been mentioned.

Chapter Four: Result and Discussion: The analysis of the results is presented in this
chapter along with the figures related to characterization, morphology, Structural

properly and efficiency of the prepared Activated carbons.

Chapter Five- Conclusions and Recommendation: The conclusion of the report is
mentioned here, and future recommendation of the research work has also been
highlighted.

The images related to the topic are given in the appendix.
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2 CHAPTER TWO: LITERATURE REVIEW

2.1 Preparation of Activated Carbon

Heidarinejad et al., (2020) found that low-temperature activation with phosphoric acid
is frequently utilized for lignocellulosic material. Despite producing a larger surface
area than phosphoric acid, zinc chloride is utilized less frequently due to environmental
issues. In comparison to potassium hydroxide, potassium carbonate generates more AC
and has a larger surface area for the adsorption of big pollutant molecules like dyes. In
terms of surface area and effectiveness, potassium hydroxide activation produces

superior results than sodium hydroxide for a variety of applications.

Liu et al. (2018) produced a net-like porous activated carbon using shrimp shell waste
as a new precursor by solution-processed carbonization and chemical activation with
phosphoric acid (HsPOgs). It demonstrated that PS-Ac was a porous substance with

mesoporous structures.

Han et al., (2020) prepared AC by thermally activating eucalyptus residue that had been
treated with phosphoric acid. The mass ratios of phosphoric acid and eucalyptus residue
as well as the activation temperature might be used to modify and regulate the textural
characteristics and acidic functional groups of the activated carbon. Additionally, they
discovered that by changing the adsorption pattern from planar to side adsorption with
a drop in activation temperature, acidic functional groups might improve MB

adsorption.

Joshi, (2016) used zinc chloride as an activating agent for the preparation of AC from
lapsi seed and measured the value of iodine number and methylene blue number and
found that on increasing the temperature the methylene blue number and iodine number
increased gradually implying that the pore concentration of the AC increased with

increasing temperature.

Mallick et al., (2019) prepared AC from Date (Phoenix dactylifera) seeds using KOH
as an activating agent from 400 to 700 °C. AC prepared at 700°C had a high degree of
porosity and was suitable for use of dye adsorption and wastewater treatment
technology.
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Joshi et al., (2015) synthesized AC from Lapsi seed stone activated by Sodium
Hydroxide at different impregnation ratios and found that the impregnation ratio of the

sodium hydroxide is an important parameter for the preparation of AC.

Rajabathar et al., (2020) prepared AC from cow dung using phosphoric acid as an
activating agent at a temperature range of 600 to 900 °C and found it to have a very

high specific capacitance value of 2457 m?/g at 900 °C with improved cyclic stability.

2.2 Fabrication of Activated Carbon Electrode

Sivachidambaram et al., (2017) prepared phosphoric acid activated carbon from
Borassus flabellifer flower (BFF) at activation temperatures 600, 700, 800, and 900 °C.
As the temperature of the activation increased the specific surface area increased. At
900 °C the AC had BET specific surface area of 633.43 m? g *and the X-ray diffraction
patterns confirmed the amorphous nature of the activated carbon samples. Moreover,
electrochemical measurements also showed that this sample can be used as electrode
material for EDLCs.

Chen et al., (2013) synthesized AC from the cotton stalk and phosphoric acid as an
activating agent with a mass ratio of 1:4 at an activation temperature of 800 °C for 2
hours. With these experimental conditions, activated carbon with a BET surface area of

1,481 cm? g~* and capacitance of the prepared activated carbon was as high as 114 Fg*

Shrestha & Rajbhandari, (2021) synthesized AC from wood dust of Shorea robusta
using different activating agents; HzPOs, KOH, and Na>,CO,3 and characterized them.
The surface area of AC formed by Phosphoric acid was found highest at 1269.5 m?/g.

The specific capacitance and cyclic stability were also highest for this sample.

Du et al., (2017) prepared AC through carbonization of Enteromorpha prolifera. The
prepared AC was fabricated in supercapacitor electrodes with the capacitance of
180 F g~ ! but was less than polyaniline composite electrodes having a capacitance of
622 Fg

Zeng et al., (2021) used eucalyptus carbon (EC) to produce eucalyptus-activated carbon
(AC) through a unique technique of using phosphoric acid (H3PO4) and tested the
resulting material for its effectiveness in removing Cr (V1) from agueous environments.
They discovered that the surface area of AC rose by almost 5 times 1265.56 m?/g
compared to EC (253.25 m?/g).
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Ozpinar et al., (2022) used a one-step chemical activation to create activated carbon
from hazelnut-shell wastes. Specific capacitance values of the magnetic-activated
carbon electrode and 247.8 F g* and 76.23 F g ™! at 0.75 A g}, respectively. The
activated carbon's greater capacity to adsorb mobile ions was proved by its higher
constant phase element coefficient. The findings demonstrated that activated carbon

electrodes for energy applications have greater capacitive performance.

2.3 Research gap

To solve a global problem, we must be using local resources. Research regarding
supercapacitor electrode fabrication using a locally available precursor of amla was
virtually nonexistent. This research aims to fill this gap to learn the energy storage
properties of AC prepared from locally available Amla seed stones. This research hopes
to produce a cheap and easy method to produce AC using amla seed stones so that it

can be used for energy storage application.
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3 CHAPTER THREE: MATERIALS AND METHODS

3.1 Material

Amla seeds were gathered at the Ason neighbourhood market in Kathmandu, Nepal.
The Amla seeds were dried in an electric oven at 80 °C for 24 hours after being rinsed
numerous times with distilled water. The dried seed stones were crushed, ground, and
sieved in a sieve of 33 micrometers. The powdered precursor was mixed with
phosphoric acid in the ratio of 1:1 by weight and carbonized in the horizontal tubular

furnace at different temperatures in inert environment.

3.2 Instruments and Apparatus

The entire experimental study utilized the following tools.

a) Horizontal tubular furnace
The ACs were prepared in horizontal tubular furnace from Accumax India using quartz
tube from K-JHIL Scientific, Gujarat having internal diameter 2.7 cm and external

diameter 3 cm.

b) Spectrophotometer
The concentration of MB adsorption for Surface Area determination and MB dye

removal was also measured by UV/Vis (CECIL-CE-100) Spectrophotometer.

c) pH meter

The various pH of MB solution was maintained using the Hanna pH instrument.

d) Electric shaker
The rotary shaker from Marine India was used for finding the Methylene Blue number

of the AC samples.

e) Hotbox Oven
The hotbox oven from Gallenkamp India of size 1 was used for drying the precursors
and wet ACs.

3.3 Chemicals and Reagents

The following chemicals were used in the research work:
e Phosphoric Acid (HsPOs) from Finar India
e lodine from Thermo Fisher Scientifc India
e Potassium lodide(KI) from Merk (India)
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e potassium dichromate (K2Cr207) from Fisher Scientific

e sodium thiosulphate (Na2S203+5H20) from Fizmerck India
e Potassium hydroxide (KOH) from Fizmerck India,

e Sulphuric acid (H2SOg4) from Fisher Scientific,

e Hydrochloric acid (HCI) from Fisher Scientific

The reagents prepared for this research work were:

a) Stock solution of methylene blue:
100 mg of methylene blue were dissolved in 1000 ml of distilled water to create a
stock solution. By diluting the stock solution, the standard MB solution was created as

needed.

b) 5% HCI solution:
5 mL of HCI were dissolved in 100 ml of distilled water to create 5% HCI.

c) 0.1N lodine solution:
0.IN lodine solution was made by combining 3.175 g of iodine with 10% KI and

diluting the mixture to 250 ml with distilled water.

d) 0.1M Sodium thiosulphate:
To make 0.1M sodium thiosulphate, 6.2 g of sodium thiosulphate were dissolved in
250 ml of distilled water.

e) 1% Starch solution:
It was prepared by dissolving 1.0 gm of starch in 100 ml of distilled water which was

heated to boil for 5 minutes.

3.4 Method of Preparation of Activated Carbon (AC)

Amla seeds were brought from the market and the outer part was removed and the stone
was rinsed with tap water. It was dipped in an electric shaker, dipped in distilled water
and the temperature was increased to 40°C. The seed stone was then put in mixed
with Phosphoric Acid; at ratio 1:1 i.e., for 15 gm of precursor 33 ml of acid was taken.
The combinations were cooked on a hot plate until a somewhat dry mass was produced,
and they were then put inside an oven set at 100° C for 24 hours. Separately, the dried

mixes were put in a quartz tube, positioned in a horizontal tubular furnace, and
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carbonised at 400 °C,500 °C ,600°C and 700° under constant nitrogen gas flow at a rate
of 100 mL/min, for 4 hrs.

3.4.1 Washing the Sample
The samples were rinsed with distilled water using a funnel and filter paper. Following
washing, the carbon samples were dried for three hours at 100°C in a vacuum oven. For

further characterization, the samples were stored in airtight containers.

3.5 Characterization

The prepared ACs under different preparation conditions were characterized by
adsorption of iodine and methylene blue, scanning electron microscopy (SEM), X-ray
diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy.

3.5.1 lodine Number

The conventional procedure was used to determine the iodine number (ASTM method,
2006). 10ml of 5% by weight HCL was poured to 1gm of the prepared AC and left to
boil. 10ml of 0.1N iodine solution were added once the solution had cooled. The
material was thoroughly shaken for 30 seconds before filtering. Using starch as an
indicator, the whole filtrate was titrated against a 0.05M sodium thiosulphate solution.

The lodine Number can be calculated as:

lodine number (mg/g) = C X Conversion factor

Eq.(2)

where C is the difference between Blank Reading and Volume of hypo solution
adsorbed by AC. The formula for calculating conversion factor is given by (Nunes &
Guerreiro, 2011)

Equivalent weight of lodine X 10 X Normality of lodine

Conversion factor = - -
Activated carbon Mass X Blank reading

Eq.(3)

3.5.2 Methylene Blue Number
Methylene Blue is a synthetic amorphous dye. It is a dark green powder but in the

aqueous form, it is blue in color. In water, it decomposes into Methylene Blue cation
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and chloride ion. Methylene blue number (MBN) gives the amount of methylene blue
dye adsorbed by 1 gram of adsorbent which is activated carbon. MBN was determined

by the single-point isotherm method(Nunes & Guerreiro, 2011) in this research paper.

MBn (mg/g) :w Eq.(4)

Where, Co = initial concentration of MB solution (mg/L)
Ce = equilibrium concentration of MB solution (mg/L)
V = volume of adsorbate solution in liter & M = weight of adsorbent in g.

3.5.3 Surface Area

The surface area of activated carbon was determined by multiple regressions model
using the iodine number and methylene blue numbers. The surface area of prepared
AC can be calculated by using the following equation (Nunes and Guerreiro, 2011).

S(m?g™1) = 2.28 x 1.01 x 10" MBN + 3.00 x 107 1IN + 1.05 x 10"*MBN?
+2.00 x 10* X IN? + 9.38 x 1071° MBN IN

Eq.(5)

3.5.4 Total Pore VVolume
The total pore volume of the sample is determined by the linear model through

multiple regressions method (Nunes and Guerreiro, 2011).

Vt(cm3g—1) =1.37x 1071 + 1.90 Xx 1073 MBN + 1.00 x 10~*IN

Eq.(6)

3.5.5 Micropore Volume

The micropore volume of the activated carbon can also be estimated through
methylene blue number and iodine number by multiple regression method (Nunes and
Guerreiro, 2011).

VIM(emag-1) = 5.60 X 1072 — 1.00 X 107*MBN + 1.55 x 10~*IN
+7.00 X 10"°MBNZ + 1.00 X 10~7IN2 — 1.18 x 10~7MBNIN

Eq.(7)
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3.5.6 Xray diffraction

The prepared activated carbon from Amla seed stone were homogeneously spread on
the surface of a glass slide and mounted on Beaker D, Phaser X-ray Diffractometer,
NAST Nepal. To further calculate the crystallite size (d) we use Debye Scherrer’s
equation(Wang & Gu, 2022) as follows:

_ kx4
- Bxcos 6

Eq.(8)
where K(=0.94) is the Scherrer constant
,\ is wavelength of the X-ray beam used
,B is Full width at half maximum (FWHM) of the peak in radians and

0 is the Bragg angle. Scherrer constant denotes the shape of the particle and its value is
most commonly taken as 0.94. The miller indices, crystallite size, and the FWHM were
found using MATCH! software.

3.5.7 Fourier Transform- Infrared (FTIR) Spectroscope:

Functional groups and fingerprint regions of the synthesized AC sample in this study
were investigated using FTIR spectroscopy. A Perkin Elmer Spectrophotometer from
the Department of Plant Resources, Thapathali, was used to record FTIR spectra for all

samples.

3.5.8 Raman Spectroscopy
The comparatively sharp G and D bands with graphitic sp?sites predominate the Raman

spectra of AC. The Eog symmetry of the Activated Carbon’s G band depicts the in-plane
bond stretching of sp? carbon pairs. The Aig symmetry of the D band , which is a

breathing mode is not allowed in perfect graphite, and only becomes active in the
presence of disorder such as sp® sites or grain edges (Das & Guo, 2022). The Raman

spectroscopy was performed by Raman Spectrometer JASCO NRS 3000.

3.5.9 Scanning Electron Microscopy
SEM analysis of the AC reveals the texture and porosity of the sample. The surface

morphology helps us to get idea about the physical characteristics of the sample which
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in turn gives idea about the entrance to adsorbtion sites of the AC(Somasundaran,
2006).

3.6 Preparation of Electrode

For the electrode, 4 mg of AC is taken. Prepared activated carbon, carbon black, and
polyvinylidene difluoride (PVDF) are mixed in the ratio of 8:1:1 by weight in isopropyl
alcohol to form a homogeneous mixture. 2 drops of the mixture is pippeted in the shiny

region of the working electrode(Mukhiya et al., 2019).

3.6.1 Electrochemical Analysis of the electrode

Cyclic Voltammetry: For the Cyclic Voltammetry process, we use 3 electrode system.
It consists of a working electrode, a reference electrode, and a counter electrode. Silver-
Siver chloride is used as a reference electrode, Platinum wire is used as a counter
electrode and glassy carbon or our prepared electrode is used as a working electrode. A
basic electrolyte solution of 6M KOH was prepared and put in the cell. The specific

capacitance of the electrode can be calculated by the following formula (Choi, 2010):

.- A
P 2kmAV

Eq.(9)
Where A = Area of the curve k = Scan rate m = active mass of the sample used

AV= Potential window = (V2 — V1)
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The overview of the complete work done for this research paper is shown in the above

figure.
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4 CHAPTER FOUR : RESULTS AND DISCUSSION

The characterization of the amla seed stones gave us the results for Methylene Blue
number, lodine Number, Surface Area, Total Pore Volume, FTIR, and XRD. Moreover,
the electrochemical analysis of the AC gave us the result for the specific capacitance

using the Cyclic Voltammetry technique.

Table 1: Overview of results of characterizations

Sample | Temperature | Methylene | lodine Surface | Meso Total
(°C) Blue Number | Area pore Pore
Number Volume | Volume
Sa00 400 249 750.43 722.39 |0.39 0.68
Ss00 500 307 842.58 844.28 | 0.57 0.81
Se00 600 291 831.42 822.12 ]0.53 0.77

4.1 Methylene Blue Number

One quick and simple test method for determining the porous structure of mesoporous
carbon is Methylene Blue adsorption. Methylene Blue Number gives information
regarding mesopore distribution of AC. As shown in the graph below, the (Ssoo) sample
of AC prepared at 500° C had a better mesopore distribution compared to the other two
samples since it has a methylene blue number of 307 mg/g and the samples (Sa00 and

Seoo) have MBy of 249 and 291 mg/g respectively.
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Figure 7: Methylene Blue Number of Carbon at different carbonization temperature

4.2 lodine Number

The porous structure of micro carbons may be assessed quickly and easily using the
iodine number test technique. Due to the high molecular linear size of MB, it is often
employed to assess the dye removal capacity of ACF or to analyze the pore structure
with a pore size of more than 1.5 nm on the surface of the adsorbent. Additionally,
iodine molecules have spherical shapes with diameters of around 0.54 nm, and
adsorption takes up an area of at least 0.39 nm2. As a result, iodine adsorption is
typically utilized to characterize the micropores in porous materials. (Ma et al., 2019)

The graph shows the iodine number at different temperatures. At 500°C, we have the
highest iodine number of 842.58 mg/g for sample Ssoo. Similarly, samples Sag0 and Ssoo
have the iodine number of 750.43 mg/g and 831.42 mg/g respectively.
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Figure 8: lodine Number of different samples at different temperature of activation

4.3 X-ray diffraction

The figure shows the X-ray diffraction patterns of the activated carbon prepared at
400°C, 500°C, and 600°C. The peaks centered at around 26 and 42 degrees correspond
to the (002) and (001) planes. It shows that the Activated Carbon is composed of
graphite crystallites. The crystallite size for the samples (Sz00),(Ss00), and (Seoo) Was
found using the Scherrer equation to be 215°A,95.05°A, and 132.07 °A.
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Figure 9: XRD patterns of Activated Carbon at different temperatures
Table 2: Crystalline size of sample prepared at 400 degrees
26(°) d(A) FWHM(rad) | Crystallite Average
Size(A) crystalline size
(A)

16.913 5.238 0.6009 139.6 215

25.927 3.433 1.4002 60.7

42.652 2.118 0.2003 444.7
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Table 3: Crystalline size of sample prepared at 500 degrees

26 (degrees) | d(A) FWHM Crystallite Average
Size(A) Crystalline Size
A)
17.91 4975 1.0015 83.9 95.05
25.73 3.460 0.8012 106.2
43.05 2.099 - -

Table 4: Crystalline size of sample prepared at 600 degrees

20 d(A) FWHM Crystallite Average
Size(A) Crystalline Size
A)
17.11 5.177 0.8012 104.7 132.7
26.23 3.395 1.2019 70.9
42.85 2.108 0.4006 222.5
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Figure 10: Maximum Intensity in XRD patterns of carbon for different temperatures.

As shown in the graph, the activated carbon having the best surface area and pore
volume has the highest intensity and it’s value is 3306 arbitrary units. Other samples of

the carbon have comparatively low maximum intensity.

4.4  Fourier Transform-Infrared(FTIR)

Fourier Transform-Infrared (FTIR) Spectroscopy was used to detect the surface
functional groups of the prepared activated carbon from Amla seed stones. FT-IR
spectra of the prepared AC showed the major absorption band at 1056 cm™ and 2952
cm® respectively. The band at 2952 cm™ was assigned to —OH stretching of carboxyl,
phenol and alcohol vibration and adsorbed water As the temperature of activation is
increased the - OH functional group peak is shown to decrease and continuously
disappear as in sample Seoo Which is at a temperature of 600 degrees. The fingerprint
region verifies the synthesis of AC and the functional group region shows the
continuous disappearance with an increase in temperature. The results of this FTIR

analysis is in agreement to the analysis done by other researchers.
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Figure 11: FTIR spectra of all the carbon samples
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4.5 Raman Spectroscopy
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Figure 12: Raman Spectroscopy of the different samples of AC

The figure shows the Raman spectra of the synthesized ACs revealing strong D and G
bands at approximately 1346 cm™ and 1602 cm™ respectively. The peak intensity ratio
of the two bands i.e. G band and the D band helps us know about the crystallization of
graphitic carbon in the synthesized sample. The ratio was found to be approximately
equal to 1 in all the ACs confirming the formation of carbon of disordered structure. As
the activation temperature increased, the sample shows a more amorphous nature. i.e.,
disorder increases. Moreover, the sample Sgoo Shows the most amorphous naure i.e it is

most suitable for the energy storage applications.
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4.6 Scanning Electron Microscopy

(e
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Figure 13: SEM image of sample Saqo Figure 14: SEM image of sample Ssoo
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Figure 15: SEM image of sample Seoo

The SEM images of the ACs at different temperatures show the microporous nature of
the AC. The pore volume distribution is consistent with these electron micrographs.
As the temperature is increased, we can see that the pore size increases and the carbon

is suitable for energy storage application purposes.

4.7 Surface Area

The figure shows the surface area of the AC at different temperatures. The surface
area varies from 722 to 844 m2gm. The AC synthesized at 500°C had the highest
surfac8e area of 844 m?/gm. As the surface area of the AC increases there is more
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Figure 16: Surface Area of the ACs at different temperature of carbonization

4.8 Micropore Volume
The figure shows the micropore volume of the AC at different temperatures. The
micropore volume varies from 0.39 to 0.57 cm3gm™?. The AC synthesized at 500 °C

had the highest micropore volume of 0.57 cm3gm™
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Figure 17: Micropore Volume of ACs at different temperature of carbonization

4.9 Total Pore Volume
The figure shows the total pore volume of the AC at different temperatures. The total

pore volume varies from 0.68 to 0.81 cm3gm ™. The AC prepared at 500 °C had the

highest total pore volume of 0.81 cm3gm™*
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Figure 18: Total Pore VVolume of different ACs at different temperature of

carbonization.

4.10 Electrochemical Analysis of AC

The figure alongside shows the CV profile of the activated carbon at different
temperatures. This measurement was done on scan rate of 5mV per seconds under the
basic electrolyte of KOH and the area of voltammogram was calculated to calculate the

specific capacitance.
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Figure 19 Voltammogram of Saoo, Ssoo, Seoo at 5 mVs-!scan rate.

The specific capacitance is calculated to be Cp = 0.113Fcm-2 for Seoo, 0.0729 Fcm-2
for Ssoo, 0.0251 Fecm-2for Saeo, according to the formula discussed in the methods. The
voltammogram of the activated carbon sample prepared at different temperatures are

shown below.
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Figure 22 Voltammogram of Seoo

An increasing scan rate caused the ions to move quickly towards the electrodes resulting
in CV curve’s leaf like shape. Since there were no redox peaks observed in the CV plot,
the EDLC would be considered to have a capacitive property due to the ion
accumulation  between the electrodes rather than the ions being
intercalated/deintercalated. The nature of the CV curve shows the prepared AC can

form the double layer on its surface i.e. can be used as an EDLC supercapacitor.
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4.10.1 Discussion

For the preparation of the AC, phosphoric acid was used as activating agent because
zinc chloride harms the environment and KOH requires high temperature. Furthermore,
phosphoric acid was readily available. The temperatures were chosen as 400 °C, 500
°C and 600 °C because of the data from thermogravimetric analysis (TGA). After the
preparation of the samples their characterization revealed that the activated carbon
formed at 500 degrees had the highest surface area as it’s methylene blue number and
iodine number were also highest. This sample had some functional groups as shown in
FTIR. As the temperature increased, the peak of the functional groups gradually
decreased. Moreover, the Xray diffraction also showed that this sample had the
crystalline size of 95 A at the temperature of carbonization temperature of 500 °C. In
addition to this, the Raman spectroscopy revealed the G bands and D bands of the AC.
The synthesized carbon was suitable for the supercapacitor application as the latter band
(G band) was higher. The Cyclic voltammetry results showed that the activated carbon
formed was suitable for energy storage applications as the CV curve was nearly
rectangular and the specific capacitance for the high surface area sample was calculated
to be Cp = 0.113Fcm-2for Seoo prepared at 600 °C..
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5 CHAPTER FIVE: CONCLUSION AND RECOMMENDATION

5.1 Conclusion

Activated carbon was prepared from Amla seed stone by chemical activation with
phosphoric acid in a ratio of 1:1 by weight at (400 - 600) °C for 4 hrs. The prepared
activated carbon was characterized by methylene blue number, iodine number, surface
area, total pore volume, XRD, FTIR, Raman, SEM and CV. The sample prepared at
500 degrees was found to have the methylene blue number and iodine number of the
highest value i.e 307mg/g and 842 mg/g. Hence, this sample has the largest surface area
of 844.28 m? per gm. The highest specific capacitance of the electrode from the samples
was found to be Cp = 0.113Fcm-2 for Seoo.. Hence, although the micropores for the
sample prepared at 500 °C was found higher it doesn’t necessarily mean it is suitable
for energy storage application because for the transfer of ions and adsorption we need
slightly bigger pores like the mesopores hence the sample prepared at 600 °C may have
shown better electrochemical performance. i.e., high specific capacitance. The cyclic
voltammetry graph along with the specific capacitance value shows that the prepared
activated carbon can be used for energy storage applications. i..e electrode for
supercapacitor. Moreover, the range of error for the second and the third sample overlap
and hence may be cause of the discrepancy between the surface area and the specific
capacitance of the samples. Though the data was compared with the commercial carbon
(LEE et al., 2007), our samples had comparatively less value but it was near to the
desired value.

5.2 Recommendation For Future Work
e BET method of calculation of surface area is preferred.
e Galvanostatic Charge Discharge (GCD) analysis can be done.

e Electrochemical Impedance Spectroscopy of the sample can be performed.
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