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ABSTRACT

This study describes the synthesis of Spirogyra-derived activated carbon via two key steps of
carbonization and activation at optimized temperature using KOH as an activation agent, as
well as its application in supercapacitors. Spirogyra algae were dried crushed and then
carbonized at 450 °C under inert gas environment in a pyrolysis unit followed by activation
through KOH at 750 °C in a tube furnace under inert gas environment. Surface structure and
morphology of activated carbon were examined using SEM, TGA, XRD, FTIR, Raman
spectroscopy, and BET surface area. Specific surface area of Spy-AC-750 calculated was
727.765 m?g with a total pore volume of 0.317 cm®g. CV, GCD, and EIS were conducted
to study the electrochemical behavior of the Spy-AC-750 after the coating of synthesized
activated carbon on Nickel foam to prepare an electrode. The prepared electrode attained a
specific capacitance of 210 Fg? at a scan rate of 0.5g™ . These results are the key factors for
considering Spy-AC-750 as a good electrode material for energy storage devices. However
the low carbon content is the key discouraging aspect of Spirogyra algae to use it as a

precursor for the synthesis of activated carbon.

Keywords:
Spirogyra Algae, Algal biomass derived activated carbon, Supercapacitor, EDLC, KOH as

activating agent, Cyclic Voltammetry, BET analysis,

Vi



TABLE OF CONTENTS

CONTENTS

LIST OF TABLES . ... .ottt ettt ettt e e s te e e s s bt e e s sabee e e s saabeeessnneeeesansreeessans X
LIST OF ABBRIVATIONS . ... ettt sttt ettt e e s sbt e e e s sabe e e s sabaeeessnteeeesans xi
(O gF=T o] (] o TP OO TSP PPSPPTPPPTRPRRPIO 1
R [ 011 0o (¥ o1 { o]0 PP OPPUPPRTPPPOPRRPIO 1
IR I 7 ot (o | 011 [ o PSP 1
1.2, Problem SAtEMENT.........c.ooiiiiiiiieiie s 5
1.3, RESEACN ODJECHIVES ..oeiiviieiiie ettt ettt e e tee e sre e e s e e enraeesnseeenneas 5
1.4, SCOPE OF thE STUAY .veveeeeiiieciee ettt e e e e na e e st aeesnreeenneas 6
1.5 TRESIS SEIUCKUIE...c..eiuiiiiiiiicitecteet ettt et 7
SUMIMATY eteiitieeeeetite e e ettt e e sttt e e eseteeeessataeeesssabaeesessssaeesassbaeessssbaeeessssseeessnssaeessnnssaeessnssnnessnssenessnnssnness 8
RETEIENCES ...ttt sttt ettt b et b e bbb e 9
L0 7= T o] (-] oS UPSPSR 13
2. LITErature REVIBW.....c..oiuiiiiiiiitieiiectec ettt et s a e e 13
2.1.  Precursors used for the synthesis of Activated Carbon.........c.cccccveveiievceieciee e, 13
2.2.  Various methods used for activated carbon preparation............cccceeeveevcieeevieeeciee e 14
2.2.1.  Activated carbon preparation through physical activation.............ccccceevvvevieeevcvee e, 14
2.2.2.  Activated carbon preparation through chemical activation..............cccceevvvevceeerveeennen. 15
2.2.3.  Preparation of activated carbon using various activation agents ............cccceevvverveeennen. 16

2.3, ENErgY StOrage GEVICES .....veieiereeiieeeciieeeitree sttt e stteeesteeesteeesabeeetaeestseesateeesseesnraeesnsesensseeans 24
2.3.1.  Supercapacitors and Electric Double layer Capacitors (EDLCS) .......cccccvvevcvveerveeennnen. 25
2.3.2.  PSEUHO-CAPACITONS ...cuveieeieeeiiee ettt e ciee et e etee e ste e e sete e steeesrba e e sabeeesseeebbeesateeesnseeennreas 26
2.3.3. HYDIIA CAPACIIONS ... oeiieiee ettt et st e e e e aa e e s teeennee e 27
SUIMIMAIY eeiieeeieiiitee et e e e e e ettt et e e e s e s ettt e e e eaeeeesassabbeeeaeaeeseasssaaeeeeaeessaassssseeeeeeeeseasansssnneeeeessensnnssennees 29
RETEIEINCES ...ttt h et h et s b et s bt ettt ettt e bt nne e 30
(O T= 1o (=] g TSP PTRPPRR 33
3. Material and MethoTOIOQY .......ceeiueiiiiiieiie ettt et e e tr e e sbe e e s beeesnreeens 33
3.1, PreCUrSOr SEIECTION. ......couiiiitieieettet ettt beene 33
3.2, Materials & ChBMICAIS ........coueiiiiiieiiieee e 34
3.3.  Preparation steps of activated Carbon ...........cceoiviieiiei i 35
3.3.1.  ColleCtion Of QlgAE ......ccocuieieiiie et et e e s 35
3.3.2.  SUN-Drying Of AlgaB.......cueieiiieeiiee e et 36
3.3.3. Pulverization of dried algae.........ccocuveeeiiiieie e 36



3.3.4.  Carbonization of pUIVErized algae ..........ccovereerriiiiieiiieeesee e 37

3.3.5.  Addition of aCtiVAtING AGENT ......cccuviriiiiieiie ittt 38
3.3.6.  Activation of carbonized SAMPIES........cceeriiriiiiiecee e 38
3.3.7.  Washing of activated CarbON ..........cocueeiieiiiiieiieeceeeeee e 39
3.3.8. Drying of activated CarbON ..........coviiieeiieiieeeese e 39
3.3.9.  Storing of activated CarboN.........cceoviiiiieiieie s 39

3.4, General CharaCterization ...........ccooeeiieeiieenie ettt ettt e s sane e 39
3.5.  Electrode preparation and symmetric cell fabrication ..........c.coceveveiiivcin e, 40
3.6.  Electrochemical CharaCterizations ..............cceceeieiiiieniciiiiicieseee e 40
SUMIMATY .eeiiiitieeeeiiee e e ettt e s sttt e s stte e e s sttt e e e ssabaeeessasbaeessnbaeeesaassaeessasbeeeesanssaeessnseeessnnsaneessnssenessnnsens 42
RETEIENCES ...t b e r e sttt b et 43
L0 7= T o (-] PRSP 45
4. RESUIS AN TISCUSSION.....c..eiuririiiiiiiieitieite sttt st s 45
o I o o] o] Fo o Toro LI AN g 1Y 1SR 45
4.1.1.  Surface analysis using Scanning Electron Microscope (SEM).........cccevvvveeievencreeennnen. 45
4.1.2.  Thermo-gravimetric ANAIYSIS......cccoiviieeiieeiie et e e aae e sree e 47
4.1.3. KRD et e e e e e 48
4.1.4. [l 1 P PP PP OPPPPPOPPRPPRN 49
4.1.5. RAMAN SPECITOSCOPY .. .vvveeeiiiieie e ittt e ettt e s sttt e e e sretee e s ssebre e e e sbbeeesssstreessnsnseeessssenessnns 50
4.1.6. N adsorption desorption isotherm, surface area analysis............ccceevveeevveeenceeenveeenne, 51

4.2.  Electrochemical Characterizations RESUILS ...........coeeiiriiiiiiiiiiiiiceccieeeceece e 54
4.2.1.  Cyclic VORAMMELIIC (CV) TESES .vviiiiiieeieee e eetie sttt are e svae e ree e 54
4.2.2.  Galvanostatic Charging-Discharging (GCD) TeStS: .....cccvvvevieerceieriee e cvee e 56
4.2.3. Electrochemical Impedance Spectroscopic (EIS) Analysis........c.coceeevveeecieeicieeenieeenne, 57
SUMIMATY 1eeitieee e ettt e e ettt e e et e e e s st e e e e sabeeeessstaeeessssaaeessssaeeesasssaeessssseeeeessssaeessssneesennsaneessssnesssnnsens 61
RETEIEINCES ...ttt h et b et he bt sttt nb e nbe e 62
(O T=T o (=] TSP PTRPPRRR 65
5. Conclusions and ReCOMMENTALIONS.........cc.erteriirieniirieniiee sttt 65
5.1 CONCIUSIONS ...ttt bttt ettt ettt ettt e bt e e sbe et 65
5.2, RECOMMENGALIONS ...eueitiiiiiiieiesieet ettt sttt ettt b e e sbeeane 65
APPENAIX 1 — PUDBIICALIONS ....veiieiieeiieecee ettt ettt s e e tbeeeata e e sataeesaraeennneas 66

viii



LIST OF FIGURES

Fig. 1-1: Various methods of the preparation of activated carbon. ............ccccccvviiiieniicnenn, 3
Fig. 1-2: Synthesis of activated carbon ProCedure ..o 5
Fig. 2-1: Ragone Plot of various energy storage deviCes [27] .......ccovrvierieiiieiiiieniienee e 25
Fig. 2-2: Structure of Supercapacitor [30] .........cceiiiiiiiieiiier e 26
Fig. 3-1: Preparation steps of activated Carbon............ccoooviiiiiiiiiiiei e 35
Fig. 3-2: SpIirogyra green algae..........ueoiiiiiiieiiiecee e 36
Fig. 3-3: Spirogyra green algae in dry fOrm ..o 36
Fig. 3-4: PUIVEIIZEA AlGAE ..ottt 37
Fig. 3-5: Temperature controller of pyrolysis Unit ............ccccooiiiiiiiici e 37
Fig. 3-6: TUDE FUIMACE .....eiiiiiiiiii ettt 38
Fig. 3-7: Prepared Activated Carbon ...........cooiiiiiiiiii e 39
Figure 4-1: SEM images of algal biomass (at (a) 50 pum, (b) 10 pum, (c) 5um), carbonized
sample (at (d) 50 M, (€) 1O M, c.eeiiiiiiiieiie ettt 46
Fig. 4-2: EDS Analysis of Spirogyra and Spy-AC-750 .........cccuiiiiiiiiieiieiiee e 47
Fig. 4-3: Thermo-gravimetric Analysis of SPY-AC 750.........c.cccvveeiiiieiiiie e 48
Fig. 4-4: XRD spectrum 0f SPY-AC-750.......cccuieiiieiiiie it e e e e sree e enee e 49
Fig. 4-5: FTIR spectrum Of SPY-AC-750 ......ccoiieiiie et e e see e nee e 50
Fig. 4-6: Raman Spectroscopy Of SPY-AC-750 .....c.uveiiiieiiiieeiiee e 51
Fig. 4-7: N2 adsorption desorption isotherm of Spy-AC-750 ........ccccceviveeiiieeiiie e, 53
Fig. 4-8: Pore size distribution 0f SPY-AC-750 .........coiiieiiiie e 53
Fig. 4-9: Cyclic Voltammetry of Spy-AC-700, Spy-AC-750, Spy-AC-800 and Spy-AC-850 55
Fig. 4-10: CV of Spy-AC-750 at Various SCaN FateS..........cccureeiureeiireeiireesieeesieeesiseeesseeeanns 55
Fig. 4-11: Comparison of GCD results of Spy-AC-700, Spy-AC-750, Spy-AC-800, and Spy-
AAC -850 ..ttt ettt Rt Rt e te e Rttt e e n b e ra e re e teere e 56
Fig. 4-12: GCD Curve of Spy-AC-750 at various SCan rates ..........ccccevevreeiiureeiiueeesineesiineeenns 57
Fig. 4-13: The Nyquist curves for Spy-AC-700, Spy-AC-750, Spy-AC-800 and Spy-AC-850

2 0] 01 L 1=To PSSRSO 58
Fig. 4-14: Nyquist plot 0f SPY-AC-750........ccoiiieiieeiie et 59
Fig. 4-15: Cyclic stability curve of SPY-AC-750........ccoceeiiiiieiiie e 60



LIST OF TABLES

Table 1-1: Biomass precursors for AC preparation............oceeoeeieerieenreeneenieesee e sneesinens 2
Table 2-1: Biomass precursors and activation agents for the synthesis of AC....................... 24
Table 3-1: Specification of chemical & solvents used for the synthesis of AC...................... 36
Table-4.1: Textural morphology 0f SPY-AC-750 .......cccoiiiiiiiiiiiiere e 54

Table 4-2: Comparison of Textural and surface properties of Biomass derived AC with Spy



LIST OF ABBRIVATIONS

AC Activated Carbon

BET Brunauer, Emmett and Teller

CP Conducting Polymer

cv Cyclic Voltammetry

EDLC Electrolyte Double Layer Capacitor

EDS Energy-Dispersive X-Ray Spectrometry
EIS Electrochemical Impedance Spectroscopy
ESD Energy Storage Device

FTIR Fourier-Transform Infrared spectroscopy
GCD Galvanostatic Charge Discharge

LIB Lithium-lon Battery

PVDF Poly-vinylidene-Fluoride

SC Supercapacitor

SEM Scanning Electron Microscope

Spy-AC Spirogyra derived Activated Carbon
SSA Specific Surface Area

TGA Thermo-Gravimetric Analysis

TMO Transition Metal Oxides

XRD X-Ray Diffraction

Xi



Chapter 1

Introduction

1.1. Background

One of the most important and basic needs of mankind is energy. In today's modern age, the
use of nonrenewable energy resources and other various types of hazardous chemicals is
rising day by day to meet the world's sustainable energy demands. The use of limited, non-
renewable energy resources and harmful as well as unfriendly environmental chemicals like
cadmium (Cd), nickel (Ni), lithium (Li) has motivated the human to invent, renewable and
environmentally friendly devices for the energy production and storage. Henceforth, in the
modern age to make a sustainable and reliable energy future, non-fossil and renewable
based resources of energy have been used.

To harvest and to store energy from these resources, various energy storage technologies
are being used. Supercapacitor or electrochemical capacitor and electrolyte double layer
capacitors (EDLCs) as energy storage are being considered as a better option from the last
two decades [1]. EDCLs are used in a variety of devices that electrostatically store charge
on the porous surface of the electrode with a high specific area [2]. More efficient
supercapacitors will have a higher power density (HPD), better cyclicity, a faster and
reversible charging and discharging rate, and will be safer to use than other traditional
batteries [3]. Primarily, the performance and efficiency of a supercapacitor is determined by
the materials used in electrode fabrication. Hence, the preparation of cost-effective and
environmentally friendly electrode materials can play a vital role in the development of the
next generation of EDCLs and supercapacitors [4].  For supercapacitors, conducting
polymer [5], carbon [6] and metal oxides [7] are the three most studied materials Because
conducting polymers and metal oxides have the property of high specific capacitance, these
are used in pseudo-capacitors [3]. However, metal oxides have high costs and low
conductive nature [8], while conducting polymers exhibit gradual loss of capacitance as a
result of repetitive shrinkage and swelling of the material in the course of charging and

discharging[9].

In comparison to other carbon compounds, activated carbon is one of the most common
materials used in supercapacitor applications. It has also been used on a commercial scale

for the fabrication of electrodes for supercapacitors. Comparatively, some merits of
1



activated carbon are its low cost, excellent chemical stability, high porosity, large active

surface area, easy processibility, and commercial availability [9][10].

At commercial level, the commonly used precursors to produce activated carbon are wood
[12], coal [13] and petroleum residues [14]. However, all of these precursors are non-
renewable and expensive as well [15]. It can also be produced from various solid
carbonaceous natural or synthetic precursors, including biomass[16] and polymers[17].
Natural AC precursors include coconut shells[18], different types of coals[19], peat[20],
sugarcane bagasse [21], petroleum coke[22], charcoal[23], algae[24] etc. Algae, as a
natural renewable biomass produces abundantly and ubiquitously in the coastal zones of
oceans [25] as well as in rivers [26], streams and lakes [27]. Some precursors for the

preparation of activated carbon are listed in the Table: 1-1 below.

Tablel- 1: Biomass precursors for activated carbon preparation [28]

S.NO Precursor Activation Method Agent
1 Eucalyptus bark Chemical Activation H3PO4
2 Artocarpusheterophyllus peel Chemical Activation H3PO4
3 Euryale ferox shell Chemical Activation H3PO4
4 Mangosteen shell Chemical Activation K2COs3
5 Paper mill sludge Chemical Activation K2COs3
6 Hide waste Chemical Activation KOH
7 Date pits Chemical Activation KOH
8 Corn cob Chemical Activation KOH
9 Date stones Chemical Activation KOH
10 Dry Okra Wastes Chemical Activation KOH
11 safflower bio char Chemical Activation ZnCl
12 tea seed shell Chemical Activation ZnCl
13 cocoa shell Chemical Activation ZnCl
14 rice husk Chemical Activation ZnCl
15  walnut shell Chemical Activation ZnCl
16 chestnut shell Chemical Activation ZnCl
17 sunflower seeds husk Chemical Activation ZnCl
18 apricot stones Chemical Activation ZnCl
19 Azadirachtaindica leaves Chemical Activation ZnCl
20 Ceratoniasiliqua L. residues Chemical Activation ZnCl,




In addition to the substrate, biomass-derived AC can be prepared through numerous
methods, including physical, chemical, physiochemical, microwave assisted and
hydrothermal activation. During the chemical activation method, char that has been pre-
impregnated with an activating agent (KOH, K>COz, H2SOs4, ZnCl, etc.) is carbonized
directly. In this type of activation process, carbon material with high porosity, yield, and
specific surface area may be generated within a short time[15].The carbon content of the
carbonaceous substance is prepared during carbonization by removing volatile particles via
thermal degradation[29]. In carbonization step, the temperature, heating rate, nitrogen gas
flow rate, and residence period are all significant factors. Because the obtained biochar has
a limited adsorption capacity, an activating procedure is required to increase the pore
volume, pore width, and surface area[30]. During the activation process, the disordered
carbon was removed first, which exposed the lignin to the activating chemicals and resulted
in the formation of the microporous structure. Finally, by burning the walls between the
pores, the existing pores are enlarged to a great size. This lowers the amount of micropores
by increasing intermediate pores and macro-porosity. Activation can be a technique prior to
carbonization or after carbonization for the removal of accumulated tarry substances in
biochar, which can aid to improve porosity and give high surface areas for the ACs,
depending on the kind of activation[31]. Fig. 1.1depicts various methods of primary

activation processes to prepare biomass derived activated carbon.
| | | | | | | |

Activation agent L . I- . I-
I_ Heat + Gas I_ (KOH,ZnCL2, Heat+Activation| Microwave Heat under

CO2, N2, H20 agent radiation ressure
etc) & P

2 |

Fig. 1-1: Various methods of the preparation of activated carbon.
The process of activating carbon begins with the removal of tarry particles to remove

accumulated tars that restrict pores and helps in enabling the activating agent for later

3



reaction with biochar[32]. The carbon particles in biochar are then burned before being
oxidized with an activating agent. Activation temperature and time are the two most critical
characteristics to consider while developing porous structures. These parameters are said to

correspond to pore volume, yet they are inversely associated with AC yield.

In literature there are various types (species) of algae like Pterocladiacapillacea (red
algae), Undariapinnatifida (brown algae), Chlorella vulgaris,Systoceirsstricta, Euphorbia
rigida, Enteromorphaprolifera, Spirulinaplatensis, Ulvalactuca and turbinariaturbinta etc.
have been used as a precursor for the synthesis of activated carbon using numerous
techniques and parameters [28][29].Algae is mainly composed of organic contents like
cellulose, hemicellulose, starch, alginate, lignin, and inorganic contents which have good
plausibility to be used for the preparation of AC. Spirogyra Algae are free floatingly
filamentous green algae found in freshwater habitats for instance streams, lakes, ponds,

rivers, etc.

This research work describe the synthesis of a high-performance activated carbon electrode
material using freshwater green algae "Spirogyra™ derived from a local freshwater stream.
Spirogyra is photosynthetic green algae which can capture and prepare carbon through the
natural process. Therefore, keeping in view, the abundance and easy availability of the
Spirogyra green algae, practically economic, environmentally safer, and without any
practical investments, are the key factors for using this specie of green algae for the
preparation of AC in this study. This work also explains the preparation as well as testing
parameters and conditions of the activated carbon to enhance the utilization of algal
biomass for achieving fruitful results. In addition, biochar was produced by the process of
slow pyrolysis in a pyrolysis unit at a temperature of 450°C for 300 minutes, followed by
chemical activation using KOH as an activating agent, in a tube furnace at an activation
temperature of 750°C. Synthesis and activation procedure of Spirogyra derived activated

carbon is shown in Fig. 1.2.



Sample o » o

Temperature 750 C
Ramp 10C/min

Inert Environment

(Nitrogen / Argon

O wp O =) © w=p O

Fig. 1-2: Synthesis of activated carbon procedure

1.2. Problem Statement

Activated carbons are carbonaceous compounds that differ from elemental carbon due to
the oxidation of carbon atoms present on the exterior and inner surfaces of carbon
materials. The characteristics of activated carbons are large surface areas, well-developed
porosity, and tunable surface-containing functional groups. Other than that, they have good
kinetic properties and high storage capacities. For these reasons, activated carbons are
widely used as electrode materials for supercapacitor to store maximum electrical energy
[33]. Activated carbon is also employed as a capturing medium for a variety of toxic gases
in order to reduce pollution[34] and has also been shown to be a potential material for water
purification [35]. As a result, several compounds have been tested as substitutes for
traditional raw materials in the production of activated carbons. Coal, the most often used
activated carbon, is a finite, non-renewable resource which is depleting day by day. There is
an alternative way to overcome this problem by using renewable sources such as biomass
and synthetic wastes precursors. One of these precursors is algal biomass which is cost
effective, easily available, and easily process-able. Algae, as a natural renewable biomass
produces abundantly and ubiquitously in the coastal zones of oceans [25] as well as in

rivers [26], streams and lakes [27].

1.3. Research Objectives

Most of the published research on activated carbon obtained from biomass employs
chemical activation. Even though there has been demonstrated remarkable performance of
supercapacitor employing AC produced from spore using physical activation and chemical
activation. There has been no research on the use of Spirogyra algal biomass as a precursor

for the synthesis of activated carbon as an electrode material for supercapacitors. Therefore,

5



the main objective and focus of this thesis are to convert Spirogyra biomass into high
surface area activated carbon using KOH activation agent by chemical activation and
evaluate the algal biomass as electrode material for electrochemical double-layer capacitor
(EDLC) applications.

Core objectives of this research are listed below.

» To convert the selected biomass (Spirogyra Algae) to high surface area activated
carbon (AC) via chemical activation applying KOH as an activation agent.

» To characterize and investigate the prepared ACs' potential as electrode materials
for EDLC applications.

» To determine and compare as well as analyze the electrochemical behavior of ACs-
derived biomass as electrode materials for EDLC in a strong basic electrolyte (1M,
3M and 6M KOH).

1.4. Scope of the study

To investigate the possibility of producing activated carbon from Spirogyra algae. Then,
the properties of the activated carbon will be investigated through various techniques. The
electrochemical properties of the synthesized activated carbon will be compared to
activated carbon already reported in the literature to show the quality of activated carbon

and find out if it possible to commercialize it.



1.5. Thesis Structure

Introduction
This chapter provides an introductory overview about biomass derived

carbon, followed by the discussion application of activated carbon.

Literature Review
A comprehensive literature review of the research work is presented
in this chapter followed by a detailed discussion about biomass
derived activated carbon, synthesis of Spirogyra derived carbon,
characterization, testing and application

Materials and Methods

This chapter presents detailed overview about various steps adopted
for the synthesis of Spirogyra. This chapter also explains the
experimental methodology, use of various equipment as well as
chemicals for the preparation of activated carbon.

Conclusion and Recommendation

This chapter presents conclusive remarks and recommendation about
this research work.




Summary

Supercapacitor or electrochemical capacitor and electrolyte double layer capacitors as
energy storage are being considered as a better option from the last two decades.
Supercapacitors will have a higher power density (HPD), better cyclicity, a faster and
reversible charging and discharging rate, and will be safer to use than other traditional

batteries.

Activated carbon (AC) is one of the most common materials used in supercapacitor
applications. It can be produced from various solid carbonaceous natural or synthetic
precursors, including biomass and algae. AC can be prepared through numerous methods,

including physical, chemical, and hydrothermal activation.

High-performance activated carbon electrode material using freshwater green algae
"Spirogyra" derived from a local freshwater stream. Biochar was produced by the process
of slow pyrolysis and chemical activation using KOH as an activating agent, in a tube
furnace at an activation temperature of 750°C. Activated carbons are carbonaceous
compounds that differ from elemental carbon due to the oxidation of carbon atoms.
Activated carbon is widely used as electrode materials for supercapacitor to store maximum
electrical energy. The most often used activated carbon material is coal, which is a finite,
non-renewable resource which is depleting day by day. There is an alternative way to
overcome this problem by using renewable sources such as biomass and synthetic wastes
precursors. Spirogyra algal biomass could be used as a precursor for the synthesis of

activated carbon, which will be used as an electrode material for supercapacitors.

The main objective of this thesis is to investigate the possibility of producing high surface
area activated carbon (AC) using KOH as an activation agent. The properties of the

activated carbon will be investigated through various techniques.
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Chapter: 2

Literature Review

Activated carbons are carbonaceous compounds that differ from elemental carbon due to
the oxidation of carbon atoms present on the exterior and inner surfaces of carbon
materials. The characteristics of activated carbons are large surface areas, well-developed
porosity, and high capacity for electrochemical energy storage. It is one of the most
commonly used electrode material for many storage devices. The synthesis of activated
carbon from Spirogyra algal biomass, as well as the characteristics and various testing of
the AC, were studied in this study.

2.1. Precursors used for the synthesis of Activated Carbon

In addition to being an electrode material used for many different purposes, activated
carbon can be produced from a wealth of different raw materials, making it an incredibly
versatile product that can be produced in many different areas depending on what raw
material is available. Some of these materials include biomass like shells of plants, banana
peels, onion peels, algae, etc., the stones of fruits, woody materials, asphalt, metal carbides,
carbon blacks, scrap waste deposits from sewage, and polymer scraps. Different types of
coal, which already exist in a carbonaceous form with a developed pore structure, can be

further processed to create activated carbon[1].

Although activated carbon can be produced from almost any raw material, it is most cost
effective and environmentally conscious to produce activated carbon from waste materials.
Activated carbons produced from coconut shells have been shown to have high volumes of
micropores, making them the most commonly used raw material for applications where
high desorption capacity is needed. Sawdust and other woody scrap materials also contain
strongly developed microporous structures which are good for adsorption from the gas
phase. Producing activated carbon from olive, plum, apricot, and peach stones yields highly
homogenous adsorbents with significant hardness, resistance to abrasion and high
micropore volume. PVC scrap can be activated if HCI is removed beforehand, and results
in an activated carbon which is a good adsorbent for methylene blue. Activated carbons
have even been produced from tire scrap. In order to distinguish between the wide ranges of

possible precursors, it becomes necessary to evaluate the resulting physical properties after
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activation. When choosing a precursor the following properties are of importance: specific
surface area of the pores, pore volume and pore volume distribution, composition and size
of granules, and chemical structure/character of the carbon surface. Choosing the correct
precursor for the right application is very important because variation of precursor materials
allows for controlling the carbons pore structure. Different precursors contain varying
amounts of macropores (> 50 nm,) which determine their reactivity. These macropores are
not effective for adsorption, but their presence allows more channels for creation of
micropores during activation. Additionally, the macropores provide more paths for
adsorbent molecules to reach the micropores during adsorption [2]. Precursors which
contain a greater amount of volatile substances yield a proportional increase in the
reactivity of the activated substance. If the reactivity is too high, the degree of activation
can be lowered. Achieving the correct of amount of reactivity is of the utmost importance,

since the extent of reaction occurring determines the carbons internal structure [2].

2.2. Various methods used for activated carbon preparation

Various processes and steps have been discussed in literature for the preparation and
activation of activated carbon. Some of these are discussed as under. Activated carbon
could be prepared through the direct activation of dry raw precursor or through a two-stage
process including initial carbonization and then activation. In the two-stage process, the
dried raw organic materials such as walnut hulls, wood, bone and coal should be initially
carbonized at high temperatures. In the carbonization process, the material should be
exposed to a red spot (less than 700 °C) temperature in the distillation apparatus in order to
evaporate and remove the hydrocarbons from it in the absence of oxygen. Overall, the
process of carbonization is thus a pyrolytic process, and its product is known as carbonized
material, char or biochar[1]. After activating the activated carbon, various activation
methods are used to further develop porosity and create structures that lead to the formation
of fine solid cavities in activated carbon [3]. The pores created on the surface of activated
carbon could be categorized as macropores > 25 nm, 1 nm<mesopores < 25 nm, micropores
<1 nm. In view of the nature of the activation process, activated carbon could be prepared

in two ways: physical and chemical.

2.2.1. Activated carbon preparation through physical activation

Physical activation used commercially is a two-step process that involves the process of

carbonization (pyrolysis) in a neutral atmosphere and then activation in atmospheric
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oxidizing gases such as steam, carbon dioxide, carbon dioxide and nitrogen or air mixtures
with increasing temperature in the range of 800—1100 °C. This method has the ability to
produce activated carbon of porous structure and good physical power, which is an
inexpensive method for activated carbon preparation and is considered a
green approach because it is chemical-free [4]. However, in the process of the physical
activation of activated carbon, the long activation time and low adsorption capacity of
prepared activated carbon and its high energy consumption are the main disadvantages.

2.2.2.  Activated carbon preparation through chemical activation

Chemical activation, known as wet oxidation, is usually used for raw materials containing
cellulose, such as wood, sawdust or fruit pits. These materials are also called biomass
resources. In chemical activation for the preparation of activated carbon, organic precursors
are activated in the presence of chemicals at high temperatures [1]. For chemical activation,
the raw material, in the first stage, is saturated with oxidizing and highly dehydrated
chemicals. After impregnation, the suspension is dried and the remaining mixture is heated
for a given time. Depending on the activating material and the properties of the final
product, activation can take place at temperatures ranging from 400 to 900 °C, at which
cellulose is degraded. Eventually, activated carbon is obtained from the repeated washing
of the resulting mixture. Another purpose of the final rinse is the recovery of active
substances. Chemical activation agents are dehydrating agents that influence pyrolytic
decomposition and, by inhibiting the formation of bitumen, increase the activated carbon
content and, with subsequent changes in the thermal degradation of precursors, result in the
development of the porous structure of carbon materials. These activating agents with deep
penetration into the carbon structure lead to the development of small pores in the activated
carbon, thereby increasing its surface area [5]. Unlike thermal physical activation, the
carbonization and activation phenomena occur simultaneously in the chemical activation
so, in contrast to physical activation where carbonization and activation processes are
typically performed in two different furnaces, chemical activation can be performed in a

single furnace [6].

In the process of chemical activation, the variables that affect the characteristics of the final
activated carbon are the amount of impregnation and the weight ratio of chemical agents to
dry precursor [2]. Compared to physical activation, this type of activation is more

economical because it requires a lower activation temperature, shorter processing time and
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higher carbon efficiency. Also, the activated carbon prepared through chemical activation
has a more porous structure than that of physical activation. Activated chemicals react with
carbon matrices and liberate gas products to form a porous structure [3]. However, the need
for a repeated and long washing step to eliminate the spent activator agent from the final
mixture at the end of activation process is one of the disadvantages of this method. In
addition, toxic wastewater is produced at the washing step, which causes water pollution
and therefore requires secondary treatment [6]. The precise selection of the parameters of
the chemical activation process is important to the quality of activated carbon production.
In addition, in the production of activated carbon, the efficiency of the process is also
considered an important factor. In the chemical activation method, the parameters of the
chemical agent effect, impregnation ratio and method, temperature, final temperature of
carbonization, carbonization time, activation space (under atmospheric conditions) and
activation method have been investigated [4]. Different types of chemicals have different
reactions with precursors and thus affect the adsorption behavior. The main chemicals
which have been used as potential activators are alkaline groups such as potassium
hydroxide (KOH), sodium hydroxide (NaOH), calcium chloride (CaClz) and potassium
carbonate (K2>COs3), acidic groups such as phosphoric acid (H3PO4) and sulphuric acid
(H2S0g4), intermediate metal salts such as ZnCl, and other activating agents. Based on the
physical nature of the activating agent, the activator and precursor could be mixed through
two approaches: the physical mixing of the activator and precursor in dry conditions and

impregnation [7].

2.2.3. Preparation of activated carbon using various activation agents

2.2.3.1. Activated carbon preparation through activation with
phosphoric acid

Among the activating agents, phosphoric acid with the chemical formula HzPOa is widely
used in the activation of various lignocellulosic materials [7]. In the reaction of phosphoric
acid with lignocellulose since cellulose is resistant to hydrolysis of acid, at the beginning of
the mixing of the compounds the acid first reacts with the cellulose and lignin. Activation
with phosphoric acid is used in the preparation of activated carbon from various forms of
biomass. During the impregnation stage and due to the high polarity of phosphoric acid,
controlling the physical and chemical interactions occurring in the bulk of the solution and
with the substratum is essential. In this regard, the solution concentration is a primary factor

of the activation process with this acid agent. It was found in the activated carbon derived
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from pumpkin skin (activation by phosphoric acid) that the pores and cavities formed on
the active surface of activated carbon are created due to the evaporation of phosphoric acid
during the carbonization process [7]. The main mechanisms of activation with phosphoric
acid are the depolymerisation, dehydration and redistribution of biopolymers in
lignocellulosic materials. Also, during the activation process, the reaction of phosphoric
acid with the active carbon-based precursor leads to the formation of products in the form
of particles or volatile substances, which as a result create pores or increase the number of
pores in the sites previously occupied by this material. In addition, phosphoric acid leads to
the expansion of microporous and mesoporous pores in activated carbon so the activated
carbon produced from lignocellulose wastes through activation with phosphoric acid is very
porous [8]. Generally, acid refinement leads to an increase in acid groups, eliminates
mineral elements and improves the hydrophilic nature of the surface, so the carbon surface
will have more access to the aqueous phase. Phosphoric acid has two important functions.
However, the excessive amount of phosphoric acid due to the formation of an insulating
layer on the activated carbon does not result in the enhancement of porosity on the activated
carbon surface [4]. At higher phosphoric acid doses, more potential sites could be created
and occupied by the activating agent, which are beneficial to the subsequent pore-opening
and -widening processes. However, an excessive increase in phosphoric acid leads to the
formation of an insulating layer on the activated carbon investigated the effects of
phosphoric acid concentration on the morphology of the activated carbon derived from the
core and shells of nuts. The results showed that by increasing phosphoric acid (80% by
weight), the highest porosity surface in activated carbon was observed due to the increase in
the velocity of the formation of cavities. The outer surface of activated carbon has different
vents, while the pore size depends on the amount of carbonization and impregnation. In this
case, the whole surface of activated carbon is full of holes and irregular shapes. In a study
of activated carbon production from olive stone through activation by 60, 70 and 80% w/w
of phosphoric acid, the surface area of the activated carbon increased by increasing the
concentration of the acid [3]. It was found that the activated carbon prepared with 80%
phosphoric acid had the highest surface area as 1218 m?/g and pore volume as 0.63 cm?/g.
The results indicated that the increases in the surface area and porosity of activated carbon
fiber with acid activation were higher than crude activated carbon, and Fourier-transform
infrared spectroscopy (FTIR) showed the significant presence of peaks from different
frequencies before and after activation. The results of Brunauer, Emmett and Teller (BET)

analysis indicated an increase in the surface area and porosity of activated carbon after acid
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activation [9]. It has been shown that the activated carbon prepared with phosphoric acid
has less C=0 groups than the raw materials. The reduction of carbonyl groups may be due
to the effect of HsPO4 hydrolysis, which decomposes these groups and other products such as
volatile substances. Phosphorus groups are among the most important substances for the
adsorption of heavy metals from acidic solutions. HzPOs-activated carbon may therefore be
considered a cation exchanger for the removal of heavy metal cations from aqueous
solutions in the future. Acidic groups are the most derivative of the reaction between
phosphoric acid and activated carbon precursor [9]. Activation with phosphoric acid leads
to the composition of the phosphorus element in the carbon structure. Phosphoric acid is the
most commonly used chemical activator, can produce high porous activated carbon from
raw materials and has fewer environmental and toxicological contaminants than potassium
hydroxide and zinc chloride. Moreover, phosphoric acid requires a lower activation
temperature [10], is not volatile and can form a large number of alkaline or acid-soluble
phosphates with elements such as iron, nickel and boron and others that can be incorporated
into carbon precursors. It is also confirmed that HsPO4 was an effective activator agent, and
they observed via carbon electron micrograph scanning electron microscope images that the
pores created on the surface of activated carbon are tunnel-shaped and generally have a
honeycomb structure. The honeycomb holes of the activated carbon have been fully
developed as the corners of the cavities were clearly visible [7]. Acidic purification of
activated carbon leads to an increase in the adsorption of various pollutants on the surface
due to changes in the chemical surfaces of activated carbon as observed in various articles
[10][11], so purification can lead to the removal of hydroxides and the creation of reactive
oxygen species groups on activated carbon. Also, the number of acidic functional groups is

strongly associated with activated carbon capacity to absorb metal compounds.

2.2.3.2. Activated carbon preparation through activation with Zinc
Chloride

Zinc chloride is widely used to produce activated carbon, especially lignocellulosic and
cellulosic precursors. Zinc chloride acts as a dampening agent for samples impregnated
with this material during activation. Movement of volatile substances through zinc
chloride-saturated pores is not disrupted, and after that, during the activation process,
volatile substances are released from the surface of activated carbon. Increasing the mass

ratio of zinc chloride causes easier release of volatile substances, so the absorption of
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nitrogen increases on the activated carbon. Zinc chloride activation induces an electrolytic
action called swelling in the molecular structure of cellulose. Inflation causes a breaking
down of the cellulose molecules and leads to an increase in different intra- and inter-coated
cavities, which causes a higher surface area in the activated carbon. During the activation
process, lignocellulosic materials are converted into carbon, and hydrogen atoms, oxygen,
carbon monoxide, carbon dioxide, methane and aldehydes are liberated, and diatomaceous
distillates are produced. Zinc chloride prevents the formation of bitumen and other fluids
that block the surface of carbon monoxide and prevent the movement of volatile
substances, and volatile substances are subsequently released from the surface of activated
carbon [13]. In activation with zinc chloride, the yield of activated carbon increases due to
polymerization by zinc chloride and the creation of a few large-ring aromatic compounds.
Since zinc chloride does not react with carbon, the obtained activated carbon has a higher
yield than activated carbon produced with potassium hydroxide. Using of zinc chloride
leads to the removal of the hydrogen and oxygen atoms from the activated carbon structure.
The effect of temperature and amount of zinc chloride on various atoms is that the content
of hydrogen and oxygen decreases while nitrogen increases [14]. Zinc chloride acts as a
Lewis acid and enhances the condensed aromatic reactions by facilitating molecular
hydrogen deformation from the hydro-aromatic structure of precursors so, through the
exclusion of some of the active sites from the adjacent molecules, polymerization reactions
occur and are affected. By increasing the amount of zinc chloride, more cracks may occur
in the structure of activated carbon, so the productivity may decline, resulting in an increase
in the mesoporosity of the activated carbon structure. It can be said that by increasing the
weight ratio of zinc chloride, the structure breaks down and the micropores deform and
become mesopores [15]. Increasing the amount of zinc chloride leads to the removal of
volatile compounds from the activated carbon structure, so the number of acidic groups is
reduced. It has also been reported that by increasing zinc chloride, the phenolic and
carboxylic groups are also affected, while the lactone groups are not. Then, during
activation with zinc chloride, phenolic and carboxylic groups are reduced, while lactone
groups are increased [16]. By increasing the amount of zinc chloride activating agent, the
percentage of carbon and mesopores in the structure of the prepared activated carbon is
increased. Cavities on the surface of the activated carbon result from the evaporation of
spaces occupied by zinc chloride during the carbonization process, so chloride is an active
agent in producing activated carbon with a high surface area and provide higher adsorption

capacity [17]. In a study [18], it was observed that the BET surface area and micropore and
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mesopore volumes of activated carbon prepared increased by increasing the amount of zinc
chloride in the initial activator/precursor mixture. Moreover, by increasing the amount of
zinc chloride, the removal of tar from the activated carbon structure was increased, as was
the release of volatiles[14]. Although zinc chloride is an excellent activating agent in
activated carbon preparation, it is seldom used in the food and pharmaceutical industries
due to its health-related problems [10].

2.2.3.3. Activated carbon preparation through activation with

Potassium Carbonate

Potassium carbonate with the chemical formula K.COz is a well-known activating agent in
the production of activated carbon [7]. Potassium and sodium hydroxide have adverse
effects, but potassium carbonate is not harmful if used for food supplements (often used as
supplementary food supplements) [20]. Potassium carbonate is known to be a better
activating agent than potassium hydroxide due to the production of activated carbon with
higher yield, higher surface and pore volume, and higher capacity for adsorbing large
molecules like methylene blue from aqueous solutions showed that the activated carbon
produced by potassium carbonate had higher yields than the activated carbon produced by
potassium hydroxide. Also, under the same conditions, the specific surface area of the
activated carbon produced from potassium carbonate is more than the carbon produced
from potassium hydroxide. In addition, the activated carbon produced from potassium
carbonate has lower ash and sulphur content than the activated carbon produced from

potassium hydroxide [21].

2.2.3.4. Activated carbon preparation through activation with

potassium hydroxide

In recent years, potassium salts such as KOH and K2CO3 have been widely used in the
production of low-cost activated carbon[22]. Among the various activators, potassium
hydroxide has been extensively used, due to its ability to produce activated carbon with a
high surface area, its distribution of fine pore size under the same conditions, low
environmental pollution, less corrosiveness and lower cost[23]. The chemical activation of
phosphoric acid and zinc chloride is used to activate lignocellulosic materials that have not
previously been carbonized, while metal compounds such as potassium hydroxide are used

to activate the precursors of coal [24]. It is reported that activated carbon with potassium
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hydroxide has the highest efficiency in the adsorption of heavy metals compared to other
activators [25]. Cavities formed in activated carbon are the result of the evaporation of
potassium hydroxide from places previously occupied by this activator [21]. KOH activator
is an activating agent rapidly saturated with precursors and does not evaporate completely,
so its activation temperature is generally lower than the boiling point of KOH (1327 °C)
[23]. KOH-activated carbon has a higher surface area and pore volume, but typically has
lower yield (10-40%) compared to other activators such as ZnCl, and H3PO4 [26]. During
activated carbon activation with alkali substances, alkali metals and carbonates are created
which, in the carbon matrix, are responsible for the stability and expansion of the spaces
between the carbon-atom layers and, as a result, increase the efficiency and adsorption
capacity of activated carbon [27]. Activated carbon produced from potassium hydroxide
has a higher microporous structure than activated carbon produced from sodium hydroxide
[21]. By increasing the dosage of potassium hydroxide, microporous pores develop on the
surface of the activated carbon, while the mesoporous pores decrease due to the
characteristics of the potassium hydroxide activators [28]. The results of a study showed
that chemical activation for the preparation of activated carbon from municipal waste with

potassium hydroxide (2 M) significantly [29].

1. Increased the surface area and the total pore volume.

2. Modified the number of functional groups on the surface.
3. Increased the removal of arsenic in a shorter time.
4

Improved the arsenic adsorption capacity.

The possible reactions that may occur during the activation process with potassium

hydroxide are presented in equations 1-4 as follows.

2KOH — K20 + H0 (1)
C+HO - Hx+CO (2)
CO + H20 — Hz + CO2 ®3)
K20 + CO2 — K2COs (4)

Activated carbon with potassium hydroxide is oxidized in alkaline medium with high
oxygen content [29]. In strong activation with a high amount of potassium hydroxide,
carbon atoms are eliminated from the internal structure of carbon, and the BET surface area

increases with the formation of a porous structure .Oxygenated functional groups as active
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sites are able to interact with other molecules in adsorption applications [23]. By increasing
the activation temperature of potassium hydroxide, the surface area of activated carbon and
the number of oxygen groups of activated carbon increase [22]. Generally, by increasing
the impregnation ratio of potassium hydroxide to char, the surface area of the activated
carbon increases, but if the amount of potassium hydroxide is about eight times greater, the
walls between pores formed on activated carbon are further degraded so the surface area is
reduced [14]. Increasing the concentration of potassium hydroxide activator, the
dehydration and degradation of the mesopores and their conversion to larger pores probably
lead to a decrease in the adsorption capacity of activated carbon [5]. The reactions of
carbon with alkali metal activators are presented in equations 5 and 6 as follows [29].

6NaOH + 2C < 2Na + 3H, + 2Na>;COs (5)
6KOH + 2C < 2K + 3H; + 2K2CO3 (6)

Potassium metal is thought to be introduced into the internal structure of the carbon matrix
during the gasification process, leading to the expansion of existing pores and the creation
of new ones [2]. Therefore, increasing the amount of potassium hydroxide plays a key role
in porosity modeling. Porosity expands successfully, and micro- and mesopores are formed
in the off-centre walls of the pores, which increases the BET surface area and pore volume
[10]. Activation with potassium hydroxide can also be accomplished through direct
chemical activation (physical mixing) or impregnation with activated chemicals. In direct
chemical activation, in the first stage activated carbon precursors get saturated, moisture is
removed and activation occurs at the desired ratio (KOH weight is greater than precursor
weight). Precursor carbonization is often eliminated when the solid impregnation method is
considered [9]. By increasing activation, a large amount of potassium hydroxide is typically
used, and the weight ratio of KOH to carbon is in the range of 3—7 in most cases. This not
only increases the cost of preparation of materials but also increases the potential for
environmental hazards caused by potassium hydroxide, the corrosiveness of the process of
washing with acid solutions, which results in using other appropriate methods (such as
potassium induction as an activation agent by ion exchange) for activation with potassium
hydroxide [17]. Also, in the char impregnation method with KOH, potassium hydroxide
molecules are readily in contact with the surface of the char, thus leading to a higher degree
of micro and mesoporosity. At the stage of washing the activated carbon, a significant
amount of potassium hydroxide is introduced into the aquatic media before use. Some

studies have focused on the significant concerns regarding the release of spent potassium
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hydroxide residues during activation, in terms of either environmental risks or their
recovery potential after activation [12]. The mechanism of the potassium hydroxide
reaction is described by Radovic and Rodriguez-Reinoso. In this mechanism, potassium
hydroxide is converted to KO at the beginning of the dehydration process (step 1), and
then K20 is converted to metallic potassium (step 2) [8]. The free potassium then penetrates
the grapheme layers and causes the structural expansion of the grapheme layers. Moreover,
various potassium compounds produce after a series of reactions during activation with
potassium hydroxide, oxidation and hydration. The carbon produced with chloride acid 0.1
N and water is then washed to remove K, K>O, K.COz and KOH residues from the
graphene layers. However, potassium carbonate will decompose during the activation
process and CO2 will be emitted. The reaction between the activating agent and the
precursor of carbon materials results in the decomposition of volatile organic compounds,
thus creating a porous surface on the surface of the activated carbon samples [21]. Among
the alkali metals, potassium hydroxide and sodium hydroxide are effective activators in
producing activated carbon. Among the alkaline metals, KOH is the most effective factor
for producing activated carbon. Researchers have been able to provide convincing
descriptions of the activated carbon activation process with KOH [2]. The results showed
that sodium hydroxide has a lower efficiency than potassium hydroxide in the chemical
activation of activated carbon, which is due to the different performances of metal
hydroxides in the activation of activated carbon [13]. Although potassium hydroxide
increases the pore surface, potassium hydroxide-saturated activated carbon is less efficient
than activated carbon saturated with zinc chloride or phosphoric acid, so activating with
potassium hydroxide requires a high temperature (greater than 650 °C) and carbon content
is less than constant carbon in the precursor. In this condition, the potassium metal is placed
in the carbon matrix, with activated carbon efficiency lower than the carbon content of the
raw material [28][29]. The use of KOH as an active agent is to produce activated carbon
with a narrow pore size distribution and the development of effective porosity. It is believed
that the activation mechanism with alkali metals such as KOH relies on the fact that alkali
metals act as an input catalyst in the carbon network, an electron donor, during the reaction
to gas (gasification) [30]. Also, using KOH as an activator has been proposed for
environmental compatibility with ZnCl, [26]. Generally, chemical activation with alkaline
groups leads to an increase in the positive charge on activated carbon, which is desirable to

absorb contaminants with a negative charge [30]
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2.2.3.5. Activated carbon preparation through activation with other

activating agents

Table 2.1 shows the prepared activated carbon from various agricultural materials and

activated with various uncommon activating agents

Table 2-1: Biomass precursors and activation agents for the synthesis of activated carbon

S.No. Precursor

Activation Agent

1 Kenaf core K2C204

2 Ramuls mori N2HgPO4
3 Rice straw N2HgoPO4
4 Coffee husk FeClz

5 Sunflower oil cake H2SO4

6 Date stones FeCls

7 Rice husk CuCl;

8 Date pits FeCls

9 Apricot stones H2S04
10 Waste tea C2H302K

2.3. Energy storage devices

Energy storage devices (ESDs) with high energy and power densities have always been a
key factor in making greater use of renewable energy sources and integrating them into the
current energy infrastructure for modern society's development. Low-cost, high-capacity
ESDs are essential for the development of high-performance hybrid electric cars, fully
electric vehicles, laptops, and smartphones. Two measures are used to compare different
types of ESDs: energy, or the potential to perform function, and power, or the rate at which

energy is generated.

The specific gravimetric/volumetric/areal energy may be determined to characterize the
amount of energy stored per unit mass/volume/area and is used to define the energy density.
Specific energy and specific power are the energy density and power density per unit mass,

respectively, in this thesis. The energy and power densities of a number of commonly used
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energy storage devices are depicted in a simple Ragone plot shown in Fig. 2-1.
Supercapacitors (SCs) are a hybrid form between traditional capacitors and batteries,
having higher specific energy and specific power than standard capacitors and batteries,
respectively. Lithium-ion batteries (LIBs) are popular because they transform chemical
energy into electricity and have a high energy density, but their power is limited by the
kinetics of the chemical process. Long charging-discharging cycles, high power
capabilities, and a wide operating temperature range are just a few of the benefits SCs have
over LIBs [29]. Supercapacitors, on the other hand, have a lower energy density than LIBs.
As a result, it is desirable to improve the energy density of supercapacitors without

compromising their high-power density.
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Fig. 2-1: Ragone Plot of various energy storage devices [27]

2.3.1. Supercapacitors and Electric Double layer Capacitors (EDLCs)

Electrochemical double layer capacitors (EDLCs), pseudo-capacitors, and hybrid capacitors
(a combination of EDLCs and pseudo-capacitors) are the three types of SCs based on their
energy storage processes. Even though the processes of these three are varied, they all have
a similar structure. SCs are made up of two electrodes that have been immersed in
electrolyte as shown in Fig. 2-1. In contrast to the conventional capacitors, which use
dielectric layers to store energy, electric double layers are formed at the interfaces between
the electrolyte and the electrodes to store energy; current collectors (usually high

conductive materials), are directly connected to the external circuit; and a separator, which
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is a thin, porous, non-conductive, and ion-permeable film, is placed between the two

electrodes to prevent short circuit.
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Fig. 2-2: Structure of Supercapacitor [30]

EDLCs have relatively long cycle lives because their energy storage is determined by the
accumulation of electric charge at the electrode/electrolyte interface. Their performance is
influenced by several factors, including electrical field intensity, electrolyte ions and
solvent, and chemical affinity between adsorbed ions and electrode surface. The two
electrodes of EDLCs, also known as symmetrical supercapacitors, are always comprised of
the same materials. Because of no redox processes, the terms "anode™ and “cathode™ are not
used for EDLCs.

2.3.2. Pseudo-capacitors

Pseudo-capacitors, which are based on quick and reversible Faradaic redox processes on the
surface of electro-active species such metal oxides, metal-doped carbons, or conductive
polymers [28], have higher energy densities than EDLCs but have a shorter cycle life and a
lower charging rate. Its energy storage process is comparable to that of batteries, but its
electrochemical processes are faster. Due to the fact that all pseudo-capacitors contain two
layers, the electrostatic double-layer capacitance is also included. As there are two different
electrode  materials areused in  pseudo-capacitors and hybrid capacitors,
therefore asymmetric structures are commonly employed. As a result, in asymmetric
supercapacitors, the operating voltage ranges of the positive and negative electrodes are
different, and the total voltage window can be wider than in symmetric supercapacitors,
thus increasing the energy density of SCs. One thing that EDLCs and pseudo-capacitors
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have in common is that energy storage takes place mostly in the material at the electrolyte-
electrode contact. As a result, by providing a high surface area, lowering particle size can
possibly boost the use of active materials. It is widely known that high-performance
supercapacitors may be made by developing ultrathin nanostructures with a size of less than
10 nm[31]. However, a balance between specific surface area and pore size of electro-
active materials is preferred because large microporosity (leading to poor conductivity) and
a wide distribution of pore sizes will cause a dramatic loss of capacitance, especially at high
current densities[32]. Conducting polymers (CPs) and transition metal oxides (TMO) are
always used to produce pseudo-capacitances. CPs are conjugated carbon chains that are
semi-conducted. After the doping procedure, CPs might become conductive. Polyaniline,
being an inexpensive, highly conductive, and readily produced material with a high doping
rate during charging and discharging, has piqued the interest of researchers working on
high capacitance supercapacitors [33]. Furthermore, its well-bonded and flexible structure
eliminates the need for additional binders or conductive chemicals. Polypyrrole [34],
ethylenedioxythiophene, and polythiophene are some more commonly utilized CPs (PTh).
The structural breakdown that occurs during redox reactions, on the other hand, invariably
results in a short cycle life. TMOs, such as ruthenium oxides (RuO2) [9], manganese oxides
(MnO2), and iridic oxide (IrOz), have been proposed for SCs. TMOs have the benefit of
being able to switch readily between a series of continuous redox reactions due to the
transition metals' various oxidation states. Specific capacitance (Cs) has been reported to be
as high as 1100 F/g[10], which is 4-5 times higher than that of AC-based SCs. TMOs, on

the other hand, have a low conductivity.
2.3.3. Hybrid capacitors

Depending on the configuration of the electrode materials, hybrid capacitors, which are a
combination of EDLCs and pseudo-capacitors, can serve as asymmetric capacitors and
composite capacitors at the same time [35]. Combining carbon-based materials with
pseudo-capacitive nanomaterial having high power density, i.e., adding polymers and/or
high energy density TMOs, is an efficient way to boost the energy density of SCs without
losing power density or cycle stability [36]. Due to the desirable hierarchical porous
pathways with superior mechanical durability and high conductivity, it has been established
that the intertexture can have a synergistic influence on electrochemical performance [37].
Other ways to increase the performance of carbon-based EDLCs include incorporating

other elements like nitrogen and sulphur into the carbon-based materials [38]. The surface
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property of carbon-based materials may be modified by the oxygen functional group to
increase wettability in aqueous electrolytes and improve electrochemical performance
[39].In conclusion, putting pseudo-capacitive materials into the carbon network can provide
a synergistic effect that improves the electrochemical performance of EDLCs significantly.
However, the high expenses of developing such complex systems, as well as the difficulties

of purification, prevent hybrid-supercapacitors from being used in practical applications.
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Summary

This chapter presents a detail literature review about reported materials, methods and
application of activated carbon for supercapacitors. Various types of reported precursors
used for the synthesis of activated carbon have been discussed. This discussion further
extends the coverage toward the details about the preparation methods of activated carbon
as well as various activation agents. In the last part of the chapter different types of
capacitors has also been discussed in detail.
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Chapter 3
Material and Methodology

3.1. Precursor selection

Worldwide, algal biomass and agricultural biomass wastes are readily available; the only
need is to develop a method for the preparation of low-cost activated carbon. There are
various types (species) of algae like Pterocladiacapillacea (red algae)[1], Undariapinnatifida
(brown algae)[2], Chlorella wvulgaris[3],[4], Systoceirsstricta[5], Euphorbia rigida[6],
Enteromorphaprolifera[7], Spirulinaplatensis[8], Ulvalactuca[9] and turbinariaturbinta[10]
etc. have been used as a precursor for the synthesis of activated carbon using numerous
techniques and parameters. Algae is mainly composed of organic contents like cellulose,
hemicellulose, starch, alginate, lignin and inorganic contents which have good plausibility
to be used for the preparation of AC[11]. Spirogyra Algae are free floatingly filamentous
green algae found in fresh water habitats for instance streams, lakes, ponds, rivers, etc. [12].
So, increasing attention has been given to cost-effective techniques like slow pyrolysis of
biomass and its conversion into carbonaceous materials like biochar and then activated
carbons (ACs) for electrochemical applications. So, the selection of material and its

preparation was done by extensive literature.

The main parameters used to select the most appropriate precursor for the synthesis of
activated carbon for electrochemical application are surface area, textural characteristics,
physical and chemical properties along with durability, availability, reliability, and
adaptability aspects [13],[14]. Properties of activated carbon in the sense of electrochemical
application are mainly based on the preparation and characterization parameters like
surfaces and textural properties (high carbon content, high surface area, high pore volume
and porosity, thermal stability, functional groups, and adsorption ability) which help to
choose the activated carbons for electrochemical energy storage purpose. There are many

techniques and apparatus have been developed to analyze these properties.

A comprehensive level of research has been carried out for the preparation of activated
carbons (ACs) from a vast variety of carbon-comprising source materials including almond

shell, coconut shell, palm shell, sugarcane bagasse, corn cob, and rice husk, as well as
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various types of algal biomass [15][18]. Considering the above prospects, the present work
involves the synthesis of surface modified ACs using Spirogyra algae as a precursor
through the processes of slow pyrolysis at carbonization stage and high temperature stage
of activation with KOH. And then prepared AC was used systematically as electrode
material for the electrochemical applications in supercapacitors.

3.2. Materials & chemicals

Spirogyra fresh water green filamentous algae were used as a raw material for the
preparation of biochar and then activated carbons. For this study the green algae Spirogyra
was collected from a local freshwater stream in district Bajaur. The obtained algae were
given a wash to remove impurities like sand particles and then dried at open space under
sun for 48 hours. This dried algae was crushed into powder of size (<2mm) by using the
grinder (Sundy, China) as shown in Fig. 3.4 then stored for further processes.

H>S04, KOH, HCI (Sigma-Aldrich manufactured), distilled and de-ionized water (Vitro
Diagnostic Laboratories) were the key chemicals and washing media used in this work. The
specifications of chemicals and washing media used in the synthesis process of activated
carbon are listed in Table 3.1. The instruments and equipment used for the preparation and
processing of activated carbon were autoclave/pyrolysis unit, alumina combustion boats,
horizontal gas flow tube furnace, magnetic hot-plate & stirrer, grinder and sieves of

different sizes.

Table 3.1: Specification of chemical and solvents used for the synthesis of activated carbon

S.No. Chemicals/Solvent Specifications

Specification of pH, Eur, BP, NF Assay85%
Impurities10-12%
Heavy metals (as Pb) 0.003%

1 Potassium Hydroxide (KOH) | "2 oo

2 Sulphuric Acid (H2S04) Density 1.84

3 De-ionized Water (H20)

pH Maintained at 25 °C

4  Distilled Water (H20) Resistivity >2.0 Mega Ohm/cm
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3.3. Preparation steps of activated carbon

Synthesis of activated carbon using Spirogyra algae as a precursor comprises various steps.
These steps include Collection of algae, sun-drying, pulverization, carbonization, addition
of activation agent, activation, washing, drying, and storing. Stepwise processes flow
diagram of Spirogyra derived activated carbon from the algae collection to the prepared
activated carbon is shown in the following Fig. 3.1.

Spirogyra Algae
Biomazz

Sun-Drying
43 hours

Pulverization
0.2 mm

Carbonizetion
400°C/ Sh,N atmosphers

Addition of activation agent

EOH+carkonized sampla+DI water - "“!:i

Activation
950 °C/ 3k, N atmosphers

Washing ...-----.

Until newtral pH
Drying
100°C) 2 hours

Storing

Fig. 3-1: Preparation steps of activated carbon

3.3.1. Collection of algae

The green algae Spirogyra was collected from a local freshwater stream in district Bajaur
and washed with tap water repeatedly following by washing with distilled water to remove
all the impurities, grasses, and sand particles. Fig. 3.2 shows collected freshwater washed

green algae.



-

Fig. 3-2: Spirogyra green algae
3.3.2. Sun-Drying of algae
Washed and cleaned algal biomass was kept in the open space for complete drying in the

sun. At this stage, all the humidity in the sample had almost dried. Dried Spirogyra algae is
shown in the Fig. 3-3.

Fig. 3-3: Spirogyra green algae in dry form

3.3.3. Pulverization of dried algae

The dried sample was pulverized into powder form up-to a size of 0.02 mm using a grinder
and sieved as shown in Fig. 3.4. After pulverization two steps technique was applied for the

preparation of activated carbon.
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Fig. 3-4: Pulverized Algae

3.3.4. Carbonization of pulverized algae

During this step, a 50-gram pulverized sample of algae was carbonized for 5 hours at 450°C
with a 10°C/minute ramping rate in an alumina crucible inside a pyrolysis unit as shown in
Fig. 3.5. N2 gas was supplied to provide an inert atmosphere during the process of
carbonization at 110 mL/minute flow rate. After 5 hours of heating at 450°C, the pyrolysis
unit was cooled to room temperature, and the carbonized sample was removed. Using a
mortar and pestle, the carbonized sample was pulverized to form a fine powder and kept in
a dry vial. Steps detail for the preparation of Spirogyra derived activated carbon in this

work is shown in Fig.3.1. On the same process total 4 samples of algae were carbonized.

Fig. 3-5: Temperature controller of pyrolysis unit
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3.3.5. Addition of activating agent
During this step all carbonized samples were mixed one by one by continuous stirring

(150rpm) with KOH in 15 ml distilled water at 65°C for 300 minutes to make slurry.
Weight ratio for mixing carbonized sample and KOH was 1:2. Then the slurry was dried at
85 °C for 14 hours in drying oven to evaporate water from the sample. Dried sample
(Carbonized algal biomass+KOH) was crushed with mortar and pestle for making powder

form of the sample.

3.3.6. Activation of carbonized samples

The second step of the experiment was the activation of the carbonized sample. During this
step, each carbonized sample was mixed by continuous stirring (450 rpm) with KOH in 15
mL of distilled water at 65°C for 300 minutes to make slurry. The weight ratio for mixing
the carbonized sample and KOH was 1:2. The slurry was then completely dried in an oven
at 85°C for 6 hours. The dried sample (Carbonized algae+ KOH) ground into a fine powder
with a mortar and pestle and then kept in a tube furnace (GSL-1800X-KS60 of MTI
Corporation USA) applying high temperatures as 700°C, 750°C, 800°C and 850°C for 120
minutes with 10°C/min ramp rate in an inert environment of N2 for activation as shown in
Fig. 3.6. The tube furnace was allowed for cooling to room temperature after 120 minutes.
Then each sample was rinsed with diluted HCL and then by deionized water repeatedly
until approaching neutral pH level. Activated carbon prepared during these attempts were
marked as Spy-AC-700, Spy-AC-750, Spy-AC-800 and Spy-AC-850 and then stored.

Fig. 3-6: Tube Furnace
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3.3.7.  Washing of activated carbon

After the complete activation, the sample was rinsed with diluted HCL repeatedly until the
pH level approached neutral.

3.3.8. Drying of activated carbon

Then after washing, all samples were kept in an oven (Shel Lab High Performance Forced
Air Laboratory Oven (SMO10HP-2))at 60 °C for 2 hours for complete drying.

4 N

Spy-A¢

\_ /

Fig. 3-7: Prepared Activated Carbon
3.3.9. Storing of activated carbon

Completely dried samples were stored in a bottle for further testing and characterization.
3.4. General characterization

Surface area and other associated textural properties (like porosity, pore size, volume and
surface specific area (SSA)) of the synthesized sample were detected by using the method
of N2adsorption-desorption measurements at 77K, using Quantachrome Nova-Win (©1994-
2018, version 11.05).For calculating the SSA, size and volume of pore, BET method and
BJH methods were applied. Samples were degassed for 90 minutes at 200°C and 500 mm
Hg. t-plot method was used for finding micropore volume. Mesopore volume was measured
through the below relation.
Vimeso) (€M3g™) =V (otal) — V(micro) ===-=========mmmmmmmmmmmmemmemmmm e (1)
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Data for specific surface area calculation was collected using p/po values ranging from 0.05
to 0.95. In these calculations we can find accurate results for pores having diameter larger
than 4nm.

To investigate thermal stability, weight loss of the material during the processes of
carbonization and activation, thermal gravimetric analysis was conducted under inert gas
environment of Nitrogen within the temperature range of 25°C to 750°C with 10°C/min
ramp on TGA 5500 of TA instruments. To review the crystal structure of the synthesized
algae derived activated carbon, XRD analysis was conducted using DRON-8
(pXRD)instrument, in the 2 theta (2 0) scale ranging from 15° to 55° with a radiation source
of Cu-Ka (Ka=1.5418A).

Raman spectroscopy was conducted using BTC162E-532S-SYS [USA] system at 531.82
nm laser wavelength to investigate the vibrational response of the sample. Using Cary 630
FTIR (Agilent Technologies, USA), FTIR spectroscopy was conducted to detect functional
groups and to detect information related to physical state and chemical composition of the
sample. Information about surface morphology (textural characterization) and elemental
analysis of algal biomass, carbonized sample and Spy-AC-750 were collected from the

images and graphs captured by SEM (Oxford Instruments, UK).
3.5. Electrode preparation and symmetric cell fabrication

Polyvinylidene-Fluoride (PVDF) (as binder), carbon black and one of the synthesized Spy-
AC from Spy-AC-700, Spy-AC-750, Spy-AC-800 and Spy-AC-850 (as active material)
were assorted in the ratio by weight of 10%, 10% and 80% respectively to form a slurry for
coating on working electrode to analyze the performance of the Spy-ACs as an electrode
material. Then the prepared slurry was loaded on the surface of the nickel foam and placed
in an oven to dry at 85°C for 180 minutes. Each electrode of symmetric cell was coated
with 1 mg cm™ of the Spy-AC-750 followed by vacuum drying. 1 M KOH electrolyte was

used between the two electrodes separated by a separator.

3.6. Electrochemical characterizations

Using CHI760E electrochemical workstation, this study evaluates the electrochemical
behavior of the Spy-ACs deposited electrode in three electrode configurations. For
measuring the performance of single electrode, 3M KOH solution as electrolyte, a working

electrode made of the Spy-AC deposited on nickel foam, a counter electrode of platinum
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wire and reference electrode of Ag/AgCl was used in the electrochemical work station.
Cyclic voltammetry (CV), Galvanostatic Charge Discharge (GCD) and Electrochemical
Impedance Spectroscopy (EIS) were conducted for investigating the electrochemical
characteristics of the Spy-AC-750 coated electrodes. CV curves were recorded at various
scan rates from 5 to 100 mV/s between the potential range -0.2 to 0.2 V. GCD curves of the
electrodes were recorded at various current densities ranging from 0.5 to 2.5 A/g. EIS
spectra were detected at 100 kHz to 0.100 Hz frequency. By using the below relations with
data from the GCD curves, gravimetric specific capacitance i.e. Cm, (F/g), Energy density
E (Wh/kg) and Power density P (W/kg) can be calculated.

Cm = (I X At) / (M X AV)-=-mmmmmmmmmmmmmmmneee (2)

E = (0.5 X Cm)(AV?/3.6)-----nnmmmmrrremmmmmmee- (3)

R G S T e ————— (4)
Cm:  Specific capacitance of the material used in electrodes (F/g)
I: Discharge Current (A)

At: Time (sec)

AV: Mass of the active material of electrode (g)
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Summary

This chapter explained the various steps adopted for the synthesis of activated carbon using
Spirogyra algae as a precursor. These steps include collection of algae, sun-drying,
pulverization, carbonization, addition of an activation agent, activation, washing, drying,
and storing. During this experimental methodology, various equipment and chemicals have
been used to prepare activated carbon. The experiments for the preparation of activated
carbon have been conducted at the Biofuel lab, the Energy Storage Lab, and the Advanced
Energy material synthesis Lab at USPCAS-E, NUST. After synthesis and activation, the
different samples of the activated carbon were tested for morphological and electrochemical

characterizations.
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Chapter 4

Results and discussion
4.1. Morphological Analysis

Spirogyra derived activated carbon stepwise preparation including carbonization and
activation is shown schematically in Fig. 3.1. During activation at temperatures higher than
700°C the probable chemical reactions are given below[1][2].

6KOH+2C ——» 2K+2K,CO3+3Ho— (4.1)
K2COs ——  K;0+CO; (42
CO,+C ——» 2CO  43)
K.COs+2C —— 2K+3CO (44
K20+ C — % 2K+CO  (45)

4.1.1. Surface analysis using Scanning Electron Microscope (SEM)

Textural morphologies of the surface of Spirogyra algae, carbonized sample and Spy-AC-
750 analyzed by SEM. Images captured at different magnifications are shown in Fig. 4.1.
Fig. 4.1 (a), (b), and (c) shows surface structure of dried powder of Spirogyra algae. Fig.
4.1 (d), (e), and (f) shows surface structure of carbonized sample having compact and crude
structure with limited porosity. And Fig. 4.1 (g), (h), and (i) represents textural surface
structures with porosity and enhanced surface area of the Spy-AC-750 activated at 750°C.
From the surface structure of Spy-AC-750 it can be concluded that KOH is acting as a pore
forming agent and hence enhances surface area and porosity [3]. KOH as activation agent
in the process of activation, at 400°C reacts with C and produces K>COsz as shown in the
reaction (Equation 4.1). During this reaction partial consumption of carbon results the
formation of pores. Almost complete consumption of KOH takes place with the rising of
temperature up to 600°C. At 700°C, CO. and KO formation take place due to the
decomposition of K;COs (Equation 4.2). At this K,COs; decomposition stage, pore
formation also takes place. At high temperature stage (700°C and above), the resultant CO>
reduces to CO while reacting with more carbon at high temperature (Equation 4.3). More
reduction reactions of K.COs and KO take place resulting in carbon mono oxide and
metallic K (Equations 4.4 & 4.5).
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Figure 4-1: SEM images of algal biomass (at (a) 50 pum, (b) 10 um, (c) 5um), carbonized sample (at (d) 50 um, (e) 10 pm,
(f) 5um) and Spy-AC-750 (at (g) 50 pm, (h) 10 pm, (i) 5um)

At high temperature during these two reaction stages (Equations 4.4 & 4.5) products diffuse

into the carbon resulting the enhancement in the porosity of the carbon [3][4][5]. When

activated carbon (porous) is used as electrode material in supercapacitors, due to pores on

the surface of electrode, there is a remarkable boost in diffusion of mobile ions take place.

Porosity also causes to shorten the path of the diffusion for mobile ions [6]. Enhanced
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porosity of Spy-AC-750 causes an astonishing increase in charge storage ability of
supercapacitors[7].

EDS analysis of the surface of algae and activated carbon (Spy-AC-750) indicate the
presence of carbon content and other ignorable elements as shown in Fig. 4.2. The results
of EDS analysis were calculated by using the average and mean value of all obtained values
from different points of the samples. This analysis also shows that at 750°C purer AC has

been achieved.

Fig. 4-2: EDS Analysis of Spirogyra and Spy-AC-750

4.1.2. Thermo-gravimetric Analysis

TGA was conducted to study the sample's weight loss and thermal stability during the
carbonization and activation stages as shown in Fig.4.3. The TGA plot shows that biomass
decomposition takes place at 25 to 260°C, resulting 11 % weight loss and the temperature
peak at 289 correlates to evaporation of water content (dehydration). A large percentage of
weight loss (69%) was recorded in the second step from 260 to 395°C. This loss is ascribed
to the release of CO2 molecules and biomass decomposition. While heating the sample from
395 to 610°C, due to high temperature pyrolysis, a weight loss of 15% was recorded [8][9].
Beyond 610 to 750°C no weight loss was recorded, expressing that the presence of carbon
is about 4 to 5 percent in the Spirogyra specie.

While in case of pure Spy-AC-750, a weight loss of only up-to 20% was observed from
25°C to 750°C with a ramp rate of 10°C /minute expressing purity and stable nature of the
Spy-AC-750.
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Fig. 4-3: Thermo-gravimetric Analysis of Spy-AC 750
4.1.3. XRD

The crystal structure characterization of Spy-AC-750 at micro level was reviewed by XRD
patterns. In the XRD spectrum, peaks with high intensity reveals that there is superior
crystallinity in the carbon structure and hence showing higher diffraction in the graph.
Higher the crystallinity in the carbon structure, higher will be the diffraction in the XRD
pattern. In Fig. 4.4, the pattern is composed of two distinct diffraction peaks at 23.6° and
43.1°. The peak at 23.6° is attributed to carbon (002) reflections, showing a low degree of
graphitization and crystalline nature[10], while the peak at 43.1° is attributed to (100)

reflections indicating disordered nature of the carbon [11].
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Fig. 4-4: XRD spectrum of Spy-AC-750
4.1.4. FTIR

Presence of various functional groups in the Spy AC-750 was detected through FTIR
spectrum (Cary 630 FTIR, Agilent Technologies, USA) using standard procedure. Carbon
materials’ FTIR spectra are prone to inherent aberrations, making data interpretation
difficult [12]. In the wavenumber range of 500-4000 per cm, FTIR spectra of the Spy AC-
750, indicating the presence of hydroxyl, carboxyl, and carbonyl groups (O2comprising
functional groups) as shown in Fig. 4.5.

Different peak points at 3300 cm™ and 1570 cm™are refer to carbonyl group (C=0) and
Hydroxy!l group (-OH) bond stretching in carboxyl groups. The peak at 1002cmis assigned
to C-O stretching [13][14]. At 2316 and 2095 cm™ peak points refers to the presence of C-
O and C=C bonds in ketene and alkyne groups. And the peak at 728cmis assigned for the
presence of ethane groups [15]. The existence of oxygen in C-O bonds could be found in
different surface functional groups. Phenols, anhydrides, carboxyl, and lactones are acidic
O».containg functional groups. Chromene, pyrone, and quinone are basic oxygen containing

functional groups, while ether and carbonyl are neutral groups [14]. Carbon surface
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wettability may be enhanced by the presence of acidic and basic O»-containing functional
groups. But existence of these groups may also lower the electronic conductivity of the
carbon surface. These functional groups in activated carbon could also increase the
property of self-discharge in supercapacitors’ electrode by the decomposition of electrolyte
material and by catalyzing carbon oxidation and reduction [16][17].
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Fig. 4-5: FTIR spectrum of Spy-AC-750

4.15.  Raman Spectroscopy

To investigate the structural features like stability and vibrational response of Spy-AC-750,
Raman spectroscopy was applied at 531.82nm laser wavelength.

Two intense bands at 1331 cm™ and at 1565 cm™ corresponds to “D” (diamond) and “G”
(graphite) phases of the activated carbon are shown in Fig. 4.6. Disordered microcrystalline
domain of the sp? bonded carbon atoms comprised in the vibrational modes. The D-band in
the graph at 1331 cm? is assigned to the point phonons’ breathing mode. This mode
resembles to the disorganized form or defective-graphitic-structure of the carbon [18].
While G band in the graph at 1565 cm™ indicates the symmetric C-C vibrations of the sp?
hybridized carbon graphitic structure [8][19][20]. Fig. 4.6 shows that the intensity (Ig) at G
band is a little bit higher than the intensity (Ip) at D band, indicating the finer structure due
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to activation by KOH. Typically, the value of Ic/lp describes the graphitic property of
activated carbon[21]. Here the value of Is/lp ratio of Spy-AC-750 is 0.995, indicating high
conductivity and high graphitization of the synthesized material. Carbon with high graphitic
and conductive nature leads to high capacity for charge storage [21].
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Fig. 4-6: Raman Spectroscopy of Spy-AC-750

4.1.6. N2 adsorption desorption isotherm, surface area analysis

The BET method and pore size distributions are the two basic approaches used to
characterize the porous structures of activated carbon. In Fig. 4.7, the results of N2
adsorption desorption isotherms analyzed at 77K showing the presence of micro-porosity as
well as meso-porosity in the surface of Spy-AC-750 because of increasing N2 adsorption at
relatively low pressure [22].The hysteresis loop (at P/Po >0.45) between the adsorption and
desorption branches of the isotherms, indicates the coexistence of mesopores and
micropores, especially when activation was performed by the use of KOH. Table 4-1 shows
the textural features of the Spy-AC-750.
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Table-4.1: Textural morphology of Spy-AC-750

Sample BET SSA Area of micropore  Total Pore Vol. ~ Pore Diameter
(m?/g) (m?/g) (cm®/g) (nm)
Spy-AC-750  727.765 m?/g 611 0.317 1.23

Table 4-2 shows the comparison of BET specific surface area (SSA) of Spy-AC-750 with
the SSA of different biomass derived activated carbons. From the literature it is clear that
the SSA is concerned with final activation temperature as shown in Table 2.

Table 4-2: Comparison of Textural and surface properties Biomass derived AC with Spy-AC-750

Biomass Activation Sger(m?/g) Total Vol. Pore radius  References
Temp (°C) (cm®/g) (nm)

Coir Pith 700 910 0.363 0.8 [23]
Char of tyre 750 700 1.099 - [24]
Chestnut Shells 850 590.8 0.32 - [25]
Perilla Frutescens 800 712 0.56 - [26]
Neem Leaves 800 705 0.44 2.5 [27]
Coffee Residue 600 890 077 3.5 [28]
Spy-AC-750 750 727 0.317 0.65 (This Study)

Results confirm that KOH activation and high temperature of activation are the two basic
factors for enhancing the SSA of the activated carbon. Due to enhanced SSA, movement of
electrolyte ions and electrons will be faster and hence electrochemical performance of
supercapacitor will be enhanced [29][30]. Using BET method, SSA of Spy-AC-750 was
calculated as 727.765 m#/g.
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Fig. 4-8: Pore size distribution of Spy-AC-750

53



BJH method was used to analyze pore size distribution as depicted in Fig. 4.8. Spy-AC-750
is providing a hierarchical porous morphology with micro and mesopores having average
size of 3.50 to 4.40 nm. Spy-AC-750 shows the presence of highest micropore distribution
with remarkable absorption volume. Fig.4.8 clarifies that Spy-AC-750 has isotherm of type
| and type IV as per classification of IUPAC, expressing much amount of mesopores and
micropores in the surface of Spy-AC-750 [31]. KOH has significantly enhanced
hierarchical 3D porous structure with micro-meso porosity which is considered as more
effective electrode material for the fabrication of supercapacitors [32]. Micropores lead to
the formation of many electric double layers by providing a large surface area, whereas
mesopores provide a very broad ion transfer mechanism. The combination of these two
characteristics boosts the use of porous activated carbon for electrochemical energy storage

devices.

4.2. Electrochemical Characterizations Results

4.2.1. Cyclic Voltammetric (CV) Tests

The Electrochemical performance of Spirogyra Algae derived AC prepared at different
temperatures (700°C, 750°C, 800°C and 850°C) named as AC-700, Spy-AC-750, AC-800
and AC-850 has been compared in a three-electrode system at a scan rate of 100 mV/s with
a voltage range of -0.2 to 0.2 V in an electrolyte of 3M KOH solution using CHI760E
electrochemical workstation. Curves of the CV are shown in Fig. 4.9.The Curve of Spy-
AC-750 has a quasi-rectangular like shape as compared to the remaining three types of
ACs. Rectangular shape may express several factors like channels for rapid transport of
ions inside mesopores, low distance of electrolyte diffusion within micropores for ion
desorption between micro and mesopores [10]. In addition, closed area of CV curve shows
that Spy-AC-750 has a high specific capacitance of 206.5 F/g. Due to this reason this study
is mainly focuses on the characteristics of Spy-AC-750. Fig. 4.10 expresses the
electrochemical behavior of Spy-AC-750 at various scan rates ranging from 5.0mVs? to
100 mVs™. The curve shape of CV remains the same even at high scan rate with no redox
peaks in the curve, expressing the capacitive characteristic of the AC and also the process
of charge storage occur due to adsorption-desorption mechanism [33][34][37]. When
compared to the CV data of other biomass-derived activated carbons, Spy-AC-750
confirms that it is an appropriate electrode material for electrochemical energy storage

devices.
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Fig. 4-10: CV of Spy-AC-750 at various scan rates
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4.2.2. Galvanostatic Charging-Discharging (GCD) Tests:

The charge capacitance of the material used in the electrodes of storage devices is
determined through GCD testing. Comparison of GCD results of Spy-AC-700, Spy-AC-
750, Spy-AC-800, and Spy-AC-850 at 0.5 A/g scan rate is shown in Fig. 4.11.GCD curves
of Spy-AC-750 maintained an isosceles triangle with zero deformation at 100A/g scan rate

showing the behavior of EDLC capacitors [35].
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Fig. 4-11: Comparison of GCD results of Spy-AC-700, Spy-AC-750, Spy-AC-800, and Spy-AC-850

GCD curves of Spy-AC-750 at various scan rates within a voltage range of -0.2to0 0.2 V are
shown in Fig. 4.12. Curve analysis exhibits a comparatively reasonable time of charging
and discharging with excellent specific capacity storage. The GCD plots of the Spy-AC-750
applied electrode exhibits quasi-isosceles triangular shape, with low V (IR) drops showing
good coulumbic efficiency with low series resistance, suggesting EDLC nature [33]. At a
current density of 0.5 Ag?, the Spy-AC-750 applied electrode has a high specific
capacitance of 210 Fg™.
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Fig. 4-12: GCD Curve of Spy-AC-750 at various scan rates

4.2.3. Electrochemical Impedance Spectroscopic (EIS) Analysis

To identify and assess the electrochemical conductivity and resistance of the electrode, an
EIS study was performed at a frequency range of 100.00 kHz — 0.01 Hz. The Nyquist
curves for Spy-AC-700, Spy-AC-750, Spy-AC-800 and Spy-AC-850 applied electrodes are
depicted in Fig. 4.13. Fig. 4.13 clarifies that only Spy-AC-750 show short intercept (less
than 0.650) expressing remarkable power capability as well as low equivalent series
resistance [35]. “Niquist plot of Spy-AC-750 is shown in Fig. 4.14 indicating that at high
frequency, a semicircle travels across a straight line in the low frequency zone. The value of
resistance in series (Rs) is plotted in Nyquist plot (comprising the material intrinsic
resistance, electrolyte resistance and contact resistance of current collector and electrode).
The presence of resistance during charge transfer (Rc) is shown by the semicircle-like
shape in the Nyquist plot (inset plot in Fig. 4.14) , and its presence at high frequency is
mostly due to porosity in the electrode, interfacial contact, and inter-partial contact of
current collector and electrode[36]. Rw is the Warburg diffusion resistance existing in the
Nyquist plots at low frequency region. Comparing with other electrode materials,Spy-AC-

750 shows lower values of R¢t and Rs. In Nyquist plot, Spy-AC-750 electrode material
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represents segments of vertical line and semicircle at low and high frequency regions
respectively, expressing that Spy-AC-750 has a promising capacitive and ideal wettability
nature [33].
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Fig. 4-13: The Nyquist curves for Spy-AC-700, Spy-AC-750, Spy-AC-800 and Spy-AC-850 applied
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Fig. 4-14: Nyquist plot of Spy-AC-750

To analyze the stability of the Spy AC-750 applied electrode in the three electrode system,
a cyclic stability test was performed at a current rate of 1.0 A.g™. Fig. 4.15 shows that the
value of specific capacitance gradually decreases with the increase in number of cycles.
The curve shows that even after 5000 cycles, the performance of the capacitor remains 79%
showing a strong cyclic stability characteristic for a supercapacitor. This stable
electrochemical performance occur with prolonged cycling and stable specific

capacitance[37].
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Fig. 4-15: Cyclic stability curve of Spy-AC-750
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Summary

This chapter comprises the detailed discussion about various results of Spirogyra derived
activated carbon. Morphological analysis was conducted to study various structural features
of algae, synthesized biochar and activated carbon using SEM. TGA analysis was
conducted to study the property of weight loss and thermal stability of algae and Spy-AC-
750. The crystal structure characterization of Spy-AC-750 at micro level was reviewed by
XRD patterns. Presence of various functional groups in the Spy AC-750 was detected
through FTIR spectrum. To investigate the structural features like stability and vibrational
response of Spy-AC-750, Raman spectroscopy was applied at 531.82nm laser wavelength.
The BET method and pore size distributions are the two basic approaches used to
characterize the porous structures of activated carbon. BJH method was used to analyze
pore size distribution. The Electrochemical performance of Spirogyra Algae derived AC
prepared at different temperatures was studied using cyclic voltammetry of AC applied
electrodes in three electrode system. The charge capacitance of the material used in the
electrodes of storage devices is determined through GCD testing. To identify and assess the
electrochemical conductivity and resistance of the electrode, an EIS study was performed.
Cyclic stability test was performed to analyze the stability and performance of the

supercapacitor even after 5000 cycles.
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Chapter 5

Conclusions and Recommendations

5.1. Conclusions

In this study the focus has been on the synthesis of activated carbon derived from
abundantly available biomass precursor i.e. fresh water green algae “Spirogyra” as well as
on the use of activated carbon as an electrode material for supercapacitor application. The
process of KOH activation has enhanced the physical/morphological and chemical
characteristics such as surface area, porosity, specific capacitance and electrical
conductivity. As among the four synthesized samples of activated carbon, Spy-AC-750 has
the remarkable surface area (BET) of 727.765 m?/g having total pore volume of 0.317
(cm®g). Spy-Ac-750 has the characteristic of supercapacitive nature having specific
capacitance of 210 F/g at 0.5 A/g. Considering the abundance and easy availability,
practically economical, environmentally safer, and without any practical investments are
the main sorts to consider Spirogyra as a precursor for the synthesis of activated carbon.
However the TGA plot reveals that only a very small amount of activated carbon (4-5 %)
remains after carbonization and activation at 750°C, which is the main discouraging aspect

of using Spirogyra algae for the synthesis of activated carbon.

5.2. Recommendations

e High surface area activated carbon has a huge potential for its use in various
practical applications especially in energy storage devices as electrode material as
well as absorbent in the devices used for purification.

e Spirogyra, as a cheap and abundantly available biomass precursor, can be easily
transformed into high surface area activated carbon making it even more promising
for supercapacitor application.

e The morphological and electrochemical results of Spirogyra derived activated

carbon are acceptable and comparable to the commercially available alternatives.

65



Appendix 1 — Publications

Optimized synthesis and characterization of spirogyra derived activated

carbon for high performance supercapacitors

ABSTRACT

This study describes the synthesis of Spirogyra-derived activated carbon via two key steps
of carbonization and activation at an optimized temperature using KOH as an activation
agent, as well as its application in supercapacitors. Surface structure and morphology of
activated carbon were examined using SEM, TGA, XRD, FTIR, Raman spectroscopy, and
BET surface area, while electrochemical behavior was studied using CV, GCD, and EIS.
Specific surface area of Spy-AC-750 calculated was 727.765 m?g* with a total pore volume
of 0.317 cm®g?. The Spy-AC-750 coated electrode attained a specific capacitance of 210
Fg? at a scan rate of 0.5g. The electrochemical behavior of the Spy-AC-750 coated
electrodes was also tested practically by making symmetric device. The excellent results
obtained are the key factors to consider Spy-AC-750 as a good electrode material.
Conversely the low carbon content is the key discouraging aspect of spirogyra algae to use

as a precursor for the synthesis of activated carbon.
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