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ABSTRACT 
 

A feasible process to synthesize porous graphene with ultra-high surface area is 

presented in this thesis. Graphene oxide (GO) was synthesized from Sri Lankan 

graphite via the modified hummers method. Then, GO was subjected to a chemical 

activation process to produce graphene with a mesoporous structure, where KOH was 

used as the activation agent. The influence of the critical activation process parameters 

on the specific surface area of graphene was studied. In this study, activation time at 

60 min, activation temperature at 800 ℃ and KOH/GO mass ratio at 4 were identified 

as the optimum activation parameters for high surface area. As an alternative route to 

find the specific surface area (SSA), a dye adsorption based SSA calculation method 

was followed, and the methylene blue adsorption kinetics were studied for that. Second 

order kinetic model and Langmuir isotherms were the most suitable kinetic models for 

the methylene blue adsorption onto porous graphene which were produced from Sri 

Lankan vein graphite. A combined mathematical model of methylene blue number 

(MBN) and iodine number (IN) was used to calculate the SSA for high accuracy. The 

obtained optimum activated graphene sample showed a high specific surface area of 

768.15 m2/g as measured from the dye adsorption method and it was verified by BET 

analysis. Furthermore, methylene blue and Iodine adsorption methods are studied as a 

low-cost and feasible method for surface area determination of porous graphene. The 

high surface area of the obtained graphene would make it a promising material for 

supercapacitor applications. The present study mainly focuses on the value addition to 

Sri Lankan vein graphite trough the utilization of vein graphite as an electrode material 

in electrochemical double layer capacitor (EDLC).  
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1.  INTRODUCTION 

Nowadays, a quality life in the modern society is heavily dependent on fossil fuels, 

however, the current model of the modern society is becoming unsustainable, specially 

due to rapid depletion of fossil fuels and the brutal environmental concerns associated 

with its usage [1]. Hence, sustainable energy consumption is at utmost importance, 

which can be accomplished through developing alternative energy sources (e.g. 

renewable energy sources) and sustainable energy storage technologies [3,4]. Among 

the currently available energy storage technologies, supercapacitors play a key role 

due to their advantages such as fast response, higher charging efficiency, long lifetime 

and wide operating temperature range [4]. Among the supercapacitors, 

electrochemical double layer capacitor (EDLC) is much preferred, specially due to its 

high efficiency and cycling stability [5–8]. 

The electrode material is a key component for supercapacitor performance. The 

mechanism of the charge accumulation is the main factor which manipulate the 

supercapacitor performance. Therefore, porous materials are ideal to use as the 

electrode material in supercapacitors due to its ability to store the electrolyte ions in 

its pores for the charge accumulation. Hence, carbon-based materials such as graphene, 

carbon aerogels, activated carbon, and carbon nanotubes are promising as EDLC 

electrodes owing to their high surface area, availability, low cost, and well-established 

electrode production technologies [9]–[17]. Activated carbon has got a great deal of 

attention in electrochemical double layer capacitors, due to its precursor availability, 

cost effectiveness and specially the high specific surface area which promotes the 

charge accumulation for the capacitance [18].   

The objective of this research is to propose a feasible synthesis process to develop a 

graphene-based electrode material using Sri Lankan vein graphite. It is expected to 

develop an electrode material which has ultra-high surface area for EDLC application, 

in order to develop supercapacitors with higher energy density compared with existing 

devices. Sri Lankan graphite has a huge potential to use for energy storage applications, 

however its performance on EDLC electrodes has not well studied yet. Mohsin Ali 

Raza [19] and his group have compared the surface area of GOs which were 
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synthesized from various graphite sources. They have proven the capability of Sri 

Lankan graphite of promoting the product for higher surface area compared to other 

tested graphite sources. Therefore, Sri Lankan graphite was used as the starting 

material for this research, after considering its promising properties such as high purity 

(above 98 %) [20], high crystallinity and extensive mineralization [21].   

Wettability of the electrode by the electrolyte is an important factor for high charge 

accumulation in the electrode [22–24]. Wettability of the electrode is the ability of the 

electrode material to be wetted by the electrolyte, which facilitates the transport of 

electrolyte ions into the electrode pores. For that purpose, a pore structure with 

matching pore sizes and pore connectivity is important.  Recent studies have proven 

that the pore size range of 0.7-3 nm (micro/meso structure) shows the best performance 

in EDLCs [10–12]. Hence, pore structure tailoring is a prominent approach to enhance 

the electrochemical capacitance of the electrode material.  

Graphene is a promising material in developing EDLC electrodes with low thickness 

and high conductivity, and very low electrical resistivity [26]. Theoretically, graphene 

has much higher specific surface area (SSA) around 2630 m2/g and, it can attain a 

capacitance value up to 550 F/g when its SSA is fully utilized [17]. Though graphene 

has theoretically high specific surface area, practically attaining this value is a 

challenge due to its tendency of layer restacking or agglomeration [15, 16]. KOH 

activation is a promising method for pore structure tailoring of graphene oxide, which 

results in a mesoporous structure[15–18].To enhance the specific surface area, 

chemical activation with activation agents such as KOH has been studied as a 

successful approach [17, 18].  

This research focuses to propose a feasible synthesis route to develop a graphene-based 

electrode material with high surface area and tailored pore structure, which has 

potential application on EDLCs. A dye adsorption method is introduced as an 

alternative method to BET analysis to determine the specific surface area of porous 

graphene oxide.  Methylene blue and iodine adsorption is performed, and their kinetics 

are studied to clearly understand the adsorption mechanism. Then the SSA which is 

calculated from dye adsorption method is confirmed by BET analysis. Furthermore, 
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structure, morphology and material properties of graphite powder, graphene oxide and 

activated graphene oxide were characterized using variety of techniques, and the 

changes occurring during synthesis process is discussed in detail. Finally, the 

activation mechanism is optimized for the critical parameters, which are activation 

time, temperature, and duration. Here, Sri Lankan vein graphite from Bogala graphite 

mine is used as the raw material. The outcome of this research will give a novel insight 

on utilization of Sri Lankan vein graphite for energy storage technologies. Also, the 

outcome of this research is much beneficial for the industries which are focused on 

development of value-added products from Sri Lankan vein graphite.   
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2. LITERATURE REVIEW 

2.1. Energy storage devices 

The dependence of the modern society on fossil fuels has been problematic due to the 

increase of the cost of fuels, environmental pollutions such as global warming due to 

the fossil fuel burning, and geopolitical concerns [1]. It is important to find solutions 

for these matters, and one promising way is moving to renewable energy sources. 

However, sustainable energy storage solutions are much needed to effectively utilize 

the renewable energy sources [3,4]. Therefore, the increasing global energy demand 

and moving to sustainable energy sources can be linked with the rapid development of 

sustainable energy technologies [34]. 

In recent years, more attention has been given to protect the natural resources. For this 

purpose, search for renewable energy sources (most notably, solar and wind energy) 

became popular, however, as the energy demand continues to grow, improving  energy 

storage capability was essential due to the seasonal availability of these renewable 

energy sources [5,21]. Batteries (Li-ion, Li-sulfur, Li-air, Na-ion, Lead-acid, Ni-Cd, 

Ni-MH) and supercapacitors are the mainly available energy storage devices [4].  

 

                    Figure 1. Ragone plot [36] 
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The Ragone plot demonstrated in Figure 1 compares the energy densities and power 

densities of several energy storage devices. According to the Ragone plot, 

supercapacitors can deliver high power density compared to batteries and fuel cells; 

however, their energy densities are lower than that of batteries and fuel cells. Therefore, 

increasing the energy densities of existing supercapacitors would result in a device 

with both high energy and power density, which meets the industry demand. 

Chemical and physical mechanisms are the respective storage mechanisms for the 

batteries and supercapacitors respectively. Therefor the power is limited on the 

reaction kinetics in batteries and on the electrolyte conductivity in supercapacitors. 

Even though the charge rate is kinetically limited in the batteries, it is not limited in 

supercapacitors[1]. Lithium-ion battery is the most commonly used energy storage 

device which have 10-60 minutes charge time and 1000-3000 W/kg specific power. 

However, supercapacitors show higher performance than lithium-ion batteries having 

rapid charge/dischage time typically at 1-10 seconds and specific power upto 10000 

W/kg. Hence, supercapacitors are much attractive class of energy storage devices, 

having an extremely high cyclability (higher than 100,000 cycles), high power density 

and fast charge/discharge  [16]. 

2.2. Supercapacitor categories  

Electrochemical capacitors, also named as ultra-capacitors and supercapacitors, 

comprise of two electrodes with a separator between them as illustrated in Figure 2. 

The element which blocks the electrical contact between the two electrodes is called 

the separator and it is soaked in the electrolyte in between the electrodes. The 

supercapacitors generally have much higher capacitance compared to conventional 

capacitors. There are three types of supercapacitors; which are electrochemical double 

layer capacitors (EDLC), pseudocapacitors and hybrid capacitors, categorized based 

on their charge storage mechanism. EDLCs use electrostatic interaction to accumulate 

energy via creating an electrical double layer on the interface between the electrode 

and the electrolyte. The double layer capacitance is arising from the energy which is 

stored electrostatically at the interface of the electrode and the electrolyte in the 

capacitor. The phenomenon of the pseudo capacitance is different from EDLC, where 

electrode materials in the pseudo capacitor undergo redox reactions to transfer the 
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electrons. The pseudo capacitance occurs at the electrode surfaces, where faradaic 

reactions origin, and the reactions affecting to the movement of energy across the 

double layer. The combination of EDLC and pseudo capacitor is called as hybrid 

capacitors. Further details about these supercapacitor categories and their working 

principles are explained below.  

                    

        Figure 2. Schematic diagram of supercapacitor [37]  

Electrostatic interaction in EDLC is used to gather the energy in Helmholtz double 

layer on the interface among electrodes and the electrolyte. Double layer capacitance 

is occurring from the potential deference, which is kept electrostatically at the 

boundary of capacitor electrodes. The key structural feature to gain an exceptionally 

high capacity is the large surface area of electrode material which have low Helmholtz 

layer thickness. Pseudocapacitors and hybrid capacitors have low durability and low 

cycling stability due to its electrodes tends to degradation by redox reactions. However, 

in EDLC, redox reactions do not take place, and the energy is collected non-

faradaically being the reason to possess good durability and high cycling stability. Due 
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to these performances and much higher capacitance, EDLC is the most common type 

of supercapacitor in different sectors such as consumer electronics, automotive, energy, 

and industrial sectors [38].  

The second category is pseudocapacitors or faradaic supercapacitors. The 

pseudocapacitance is developed at the surface of the electrode and the electrolyte, 

where faradaic reactions occur, and these reactions connects the energy transferring 

route across the double layer. The disadvantage of pseudocapacitors is the faster 

degrading of the electrode due to the stress on the electrode material during its charging 

and also discharging processes. Pseudocapacitive materials like manganese dioxide 

(MnO2) and ruthenium oxide (RuO2) are used for the preparation of the electrodes of 

the pseudocapacitors. The main drawbacks of the pseudocapacitors compares to 

EDLCs are the lower stability, cyclability and charging efficiency and the longer time 

response [39]. 

The newest category of the supercapacitor is hybrid supercapacitors that the 

combination of pseudocapacitor and EDLC. The main advantage of hybrid 

supercapacitor is the greater volumetric and gravimetric energy density which is 

relates to provide high currents. Higher energy density is due to the occurrence of the 

faradaic reactions on the negative electrode. This negative electrode is created from a 

pseudocapacitive material as in pseudocapacitors. Hybrid supercapacitors can deliver 

higher currents as EDLCs, as the electrostatic energy is stored in a double layer at the 

positive electrode interface. This positive electrode is made from a porous material 

like activated carbon. Hybrid supercapacitors have same assembling and operation 

principle as lithium-ion batteries [39]. 

Figure 3 illustrates the charging mechanism of three types of supercapacitors. Among 

these supercapacitor categories, pseudocapacitors have the main disadvantage of fast 

degradation of electrode. Hybrid supercapacitors also have the similar drawback due 

to its pseudocapacitive negative electrode. Therefore, in comparison, EDLC is 

advantageous due to its high capacitance, fast response, prolonged lifetime and having 

a wide range in operational temperature [40].  
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Among supercapacitor categories, EDLC can be used for energy storage applications 

with the benefits of fast response, higher charging efficiency, long lifetime, and wide 

range in operational temperature. EDLC is a promising technology, which certainly 

performs a most important role in satisfying the demand of electronic devices for 

present and future.  

Figure 3. Diagrams of (a) electric double layer capacitor (EDLC), (b) Pseudocapacitor, 

and (c) hybrid supercapacitor [41] 

 

2.3. Mechanisms of Electric Double Layer Formation 

The electric double layer is created in between a charged object and a liquid. When a 

charged body is positioned in a liquid, the counter charges from the liquid concentrate 

near the surface of the charged body forming a double layer. As illustrated in Figure 

4, there are three models which describe this phonomenon, namely  Helmholtz model, 

Gouy-Chapman model and Stern model; where ψ is the potential, ψ0  is the electrode 

potential, IHP is the inner Halmholtz plane and OHP is the outer Helmholtz plane [1] 
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Figure 4. EDL models, (a) Helmholtz model, (b) Gouy-Chapman model, and (c) Stern 

model 

[1] 

2.3.1. Helmholtz  model  

The simplest theoretical model for the spatial charge distribution which occurs at 

double layer interface is illustrated by the Helmholtz model. The electrode charge is 

neutralized by the ions which are in opposite sign at a “d” distance. This model is 

believed as a simplest hypothesis, however, it cannot sufficiently describe the 

mechanism behind double layer formation [2,3].  

2.3.2. Gouy-Chapman or Diffuse model 

This model proposes that a liquid surrounding of a charged solid has an equal quantity 

of opposite ionic charge, but these ions are not tightly bound to the solid surface. 

Counter ions in the liquid solution are scattered into the solution in thermal disarray. 
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The thickness of the diffuse layer would be found by on the kinetic energy of these 

ions in the solution. Gouy and Chapman established the concepts of this diffuse layer 

which the ions in the solution which are near to the surface behave as the Boltzmann 

distribution, however, this concept not sufficient to describe a double layer which is  

highly charged [1].  

2.3.3. Stern model for diffuse double layer 

Even though the Gouy-Chapman model is based on certain assumptions, it could be 

considered as a successful model compared to the Helmholtz model. Gouy-Chapman 

model assumes that ions can approach the surface without any limit because of being 

point charges. Later, Stern model was introduced by Gouy-Chapman by considering 

the limits to approach the surface owing to finite size of ions. Therefore, Stern model 

assumes that some ions are at a distance away from the surface, while the surface 

adsorbed ions in a particular layer which follow the Stern model. And this layer is 

identified as the Stern layer. They assumed that the compact layer is a combination of 

the mostly adsorbed ions (creating the inner Helmholtz plane), and non-particularly 

adsorbed counter ions (creating the counter Helmholtz plane) [2,3,5]. 

2.3.4. Electric double layer in supercapacitors 

According to Figure 5, the electron transfer is from positively charged electrode to the 

negatively charged electrode when the supercapacitor is charged, and this electron 

transferring is happened through an external circuit. Consequently, cations are 

concentrated at the negatively charged electrode and anions at the positively charged 

electrode to develop an EDL that balances the external charge imbalance. The 

electrons move from the negatively charged electrode to the positively charged 

electrode through an external circuit during the discharge and both positive and 

negative ions which are in the pores of the electrode mix again until the cell is fully 

discharged [2].  
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The movement of ions in the bulk electrode is not similar to the movement of ions into 

the pores of the electrode material. The movement of ions into the pores are 

significantly affected by the pore size and the pore structure. When the pore sizes are 

too small, it will not contribute to double layer capacitance because of the 

inaccessibility of electrolyte ions into the electrode. Since the size, shape and the 

orientation of the pores are crucial factors for the  accessibility to the ions, a linear 

relationship cannot be developed between the capacitance and the porosity of the 

electrode [2]. 

Figure 5. Charging discharging process of electric double layer capacitor [41] 

2.4. Electrode materials for EDLC 

In EDLC, energy is accumulated in the electrochemical double layer which forms at 

the electrode and electrolyte interface. Therefore, the electrochemical performance 

mainly depends on the surface area of the electrode which is accessible to the ions in 

the electrolyte. EDLC performance depends on the properties of the electrode material 

such as pore shape and structure, specific surface area, electrical conductivity, pore 

size distribution, and surface chemistry. Carbon based materials such as carbon 

nanotubes, activated carbon, carbon aerogels and graphene have attracted a great 

interest as EDLC electrodes owing to their high surface area, availability, low cost, 

and well-established electrode fabrication technologies. Graphene and its derivatives 

have much consideration in this field because of its properties [42]. 
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2.4.1. Important characteristics of electrode material 

Performance of EDLC is depended on the combination of properties of electrode, 

electrolyte, and the device construction. It is easy to improve the EDLC performance 

by improving the favorable properties of electrode material. The mainly 

importnatelectrode material properties are the surface area, porous network, surface 

chemistry, conductivity. Furthermore, the mass of the active material in the electrode 

is also important. 

Surface Area/ pore structure 

Generally, the capacitance of EDLC increases with the surface area of the electrode; 

however, it is not linearly proportional due to the change of the capacitance with the 

pore structure.  

Pore structures are categorized in different groups depending on their pore size and 

pore shape. Micropores (size <2 nm), ultra-micropores (size <0.7 nm), mesopores (2 

nm <size<50 nm) and macropores (size >50 nm) are the pore categories depending on 

pore size. Figure 6 illustrates the three main pore structures as slits, cylinders, and 

voids. The pore structure also very critical to the energy storage mechanism in EDLC 

because it restrict or facilitates the amount of electrolyte ions transportation on to the 

porous electrode for the double layer formation.  

 

Figure 6. (a).Slits: size distance between walls (b).Cylinders: size diameter (c).Voids 

between connected solids: size of void [43] 

Several studies suggested that the contribution of the micropores in the EDL 

capacitance is higher than other pore in various sizes as the bare ions size of the 

electrolyte is near to the size of micropores. Therefore, micropores contribute more 

effectively for the EDL capacitance [41].  A study by Chmiola et al. [44] suggested 
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that accessibility of ions in the electrolyte into micropores was enhanced by the partial 

desolvation of the ions in the electrolyte when quaternary ammonium ion was used as 

the electrolyte. Since the gravimetric capacitance depends of the electrolyte, cell 

assembling technique and etc. , the gravimetric capacitance was not high on all 

microporous carbon [35–37]. 

Though microporous electrodes with high specific surface area are supposed to deliver 

greater electrochemical double layer capacitance, always the microporous have been 

considered not to make a considerable impact to the electrochemical double layer 

capacitance. Because, if the size of solvated electrolyte ions is larger than the pore size 

of the electrodes, these ions cannot access into the electrode for contribute to EDL 

formation. It is considered that mesoporous carbons whose mean pore size is from 2 

nm to 50 nm have an perfect configuration as EDLC electrodes [44]. 

Creating a carbon electrode which is having a higher gravimetric capacitance EDLC 

involves awareness of the pore size distribution and the pore shape rather than only 

knowing the average pore size. This research investigate the connection between pore 

structures and EDL capacitances to explain the porous structures accomplishing very 

high EDL capacitance because porous structure seems to be more dominant factor than 

others [8]. 

EDLCs normally have best electrochemical performances when size of electrolyte ions 

is similar with pore size in electrodes, this enhances both capacitance and rate of 

performance. Therefore, to achieve an optimum capacitance, pore size of electrode and 

the selected electrolyte are the major parameters, which want to consider in 

simultaneously. With the type of selected electrolyte, the electrode pore size is superior 

to maintain about 0.2-0.5 nm and 0.8-1.3 nm for aqueous and organic electrolytes 

respectively [48]. According to Inchan Yang and group  [49], mesoporous carbon is 

better than microporous carbon for organic electrolytes to optimize the capacitance. 

Figure 7 illustrates the importance of the accessible area of the electrode material for 

the ion transferring. This figure shows the way of electrolyte ion adsorb onto the 

electrode material surface. As the Figure 7(a) ion adsorption occurs only at the surface 

of the electrode film because of its density packed morphology. Figure 7(b) illustrates 
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the effective adsorption of the electrode material because of its less dense corrugated 

three-dimensional morphology. 

 

 

 

 

 

 

 

 

Figure 7. Schematic representation of the electrolyte ions penetrate onto the accessible 

surface of the porous electrode (a) Electrolyte ions adsorption onto densely packed 

morphology, (b) Electrolyte ions penetration through less dense porous morphology 

[50] 

Surface Chemistry  

Functional groups such as oxygen, nitrogen, hydroxyl, phosphorus, and epoxy are the 

common types of functional sites on some electrode materials [51]. Though most of 

oxygen, phosphorous and nitrogen containing groups improve the electrode-

electrolyte interactions by increasing the wettability, some types of these functional 

groups result in the effect of pseudocapacitance. Specially, pyridinic and pyrrolic 

nitrogen groups increase pseudocapacitance, however, quaternary nitrogen groups 

increase the conductivity [52]. The molecular dynamic simulations predicted that 

hydroxyl groups can decrease the integral capacitance and the effect of the epoxy 

groups are comparatively less important. As these oxygen containing functional 

groups affects to decrease the capacitance at higher power densities, rate capability is 

increased by the surface chlorination [53]. And also previous studies on graphene has 

found that the doping of foreign atoms in to the honeycomb lattice as a simplistic way 

to modify its band gap [54].  

a b 
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2.4.2. Electrode material selection 

Electrodes from graphene and its derivatives have attracted much attention in EDLCs. 

Graphene is a one-atom thick carbon-based material, which is a two-dimensional 

crystal which consists of sp2 hybridized carbon atoms.  

Graphene has much higher theoretical specific surface area (SSA) around 2630 m2/g 

and, it can achieve the capacitance up to 550 F/g when its SSA is completely utilized. 

Graphene surface functional groups have significant impact on the specific capacitance. 

However, some functional groups may contribute more than others to the specific 

capacitance. As a general trend, the existence of the functional groups reduces the 

capacitance. Therefore graphene oxide (GO) has lower capacitance than its reduced 

version of graphene [17]. 

Graphene is a promising material in developing EDLC electrodes with low thickness 

and high conductivity, very low electrical resistivity [26]. Table I illustrates the 

physical properties of graphene. 

Though graphene has high theoretical specific surface area, practically attaining this 

value is a challenge due to its tendency of layer restacking or agglomeration. To reach 

this theoretical value, heteroatom doping, and construction of three-dimensional 

frameworks can be identified as successful approaches. Doping with heteroatoms is a 

promising approach, and  Having a similar atomic radius and electron number to 

carbon, nitrogen plays a major role as a dopant [16]. 

Several derivatives of graphene have been studied for EDLC electrodes, including 

holey graphene [15, 58], graphene oxide [59], graphene nanoribbons [60], graphene 

aerogel [41], graphene nanosheet [52], graphene hydrogel [61] and reduced graphene 

oxide (rGO) [62]. Graphene related electrodes have been tremendously investigated, 

which has shown a relatively high capacitance value than other carbon derivatives.  
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Table I. Physical properties of graphene 

Property Estimated value Remarks 

Tensile strength(E) 1.01TPa - 

Ultimate strength (σ) 130GPa - 

Absorbency 2.3% light Completely transparent 

Specific surface area 2630 m2 g−1 - 

Thermal conductivity 5300 W m−1 K−1 >carbon nanotube and 

diamond 

Electron mobility 15,000cm2V−1S−1at room 

temperature 

>carbon nanotubes or silicon 

crystal 

Electrical resistivity 10−6 Ωcm (lowest 

resistivity material in the 

world) 

<copper or silver 

electrical conductivity 1738 siemens/m - 

Ease of 

functionalization 

π – π stacking interaction/ 

Electrostatic interaction 

- 

Source: [50–52] 

The capacitance is varied significantly according to the type of carbon material. Zhu 

et al. [30] achieved capacitance of  316 F/g at a current rate of 1 A/g for a N-doped 

porous carbon with nanofiber electrode. He et al. [48] attained a capacitance around 

233 F/g at a current density of 0.5 A/g for an electrode in the type of ordered 

mesoporous  carbon (CMK-3) which was produced by magnetic blending and 

ultrasonic activation. By doing a steam-pretreatment for activated carbon, Li and co-

workers [12] employed a capacitance about 155.16 F/g at a current rate of 0.5 A/g; 

however this capacitance value is a comparatively lower than other graphene-based 

carbon electrodes.  

Under graphene based materials, heteroatoms doping shows a comparatively higher 

capacitance values. Kumar et al. [54] explored  nitrogen-doped graphene using 

NH4OH and it had a capacitance of 457 F/g at a current density of 1m A/cm which is 

near to the theoretical value.  Another study was conducted by Gopalsamy et al. [35] 
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which followed a co-doping process using graphene nanoribbons, where co-doping 

was done using nitrogen and sulfur and they achieved a specific capacitance about 442 

F/g at a current density of 0.5 A/g.  By the deposition of graphene aerogel onto  nickel 

form by Ye et al. [63] reached a capacitance of 366 F/g at a current density of 2 A/g.  

Another successful approaches were taken by Jiang et al. [16] and Sun et al. [52] by 

nitrogen doped porous carbon with nanofiber and nitrogen doped graphene using GO 

and urea which results nitrogen doped graphene nanosheets respectively. They 

achieved comparatively high capacitance values of 316 F/g at a current density of 1 

A/g and 326 F/g at a current density of 0.2 A/g correspondingly.  

KOH activation is a promising method to prepare an electrode material with high 

surface area and to attain high capacitance. Bo Zeng and his group [64] have 

synthesized KOH-activated nitrogen-doped graphene nanosheets (aNG) using thermal 

annealing method. According to their results, the electrochemical findings exhibit that 

a capacitance of 132.4 F/g at a charge/discharge current density of 0.1 A/g is achieved 

for KOH-activated nitrogen-doped graphene which is approximately five times higher 

than that without KOH activation. It implies the impact of the KOH activation on the 

electrochemical performances. And K.Kierzek et al. [65] showed very promising 

capacitance values, ranging from 200 to 320 F/g to the KOH activated various coal 

and pitch-derived carbonaceous materials. KOH activation has been done for 

microwave exfoliated graphite oxide (MEGO) by Shuilin Wu and his group [66] and 

obtained a specific capacitance of 265 F/g (185 F cm –3 ) at a current density of 1 A/g 

in 6 M KOH electrolyte, which remained 223 F/g (156 F cm –3 ) at the current density 

of 10 A/g. Therefore, above literatures show that the variation of electrode 

performances based on the type of graphene-based material and the influence of KOH 

activation on the higher capacitance 

Increasing the areal loading (thickness) of a film tends to the reduction of its 

gravimetric capacitance. It has been proved for rGO film, the capacitance for thick 

films was about 135 F/g and this value could be increased up to 290 F/g by using its 

thinner films, where the thickness was measured in terms of area loading and 0.45 

mg/cm2 was their optimum value.[67].  



26 

 

Figure 8 is a summary of several graphene-based electrode material preparation routes, 

which have obtained specific capacitance value higher than 200 F/g. Since the easiness, 

high yield, higher level of exfoliation and environment friendliness, chemical vapour 

deposition (CVD)  and Hummer’s method are the most  commonly-used methods for 

graphene synthesis among various top-down and bottom-up processes [6 ,11] . CVD 

is a bottom-up synthesis process and it requires more energy to produce the precursor 

which is the gaseous state of the process molecule [68]. High heat requirement and 

small production scale are the drawbacks of CVD. Therefore, Hummer’s method 

becomes feasible due to low energy requirement, low cost and ability to large-scale 

production [69].  More research has been focused on modified Hummer’s method to 

synthesis of graphene oxide and then they have followed various approaches to alter 

the surface properties to enhance the electrode performances. Surface modification of 

prepared graphene oxide is the most intriguing step in the electrode preparation. 

Template methods, graphene based composite preparation and heteroatom doping are 

the common surface modification methods. Among these methods, heteroatom doping, 

especially nitrogen atom doping can be identified as the most effective graphene oxide 

modification method because it enhances the electrode wettability and prevents the 

GO layer restacking. However chemical reduction by KOH also can be identified as a 

common method because it gives mesoporous structure.  
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Figure 8. Preparation methods of graphene-based electrode materials 
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2.4.3. Synthesis routes for preparation of graphene from graphite 

 

Figure 9. A flow chart of graphene synthesis processes[68] 

Figure 9 illustrates the several graphene syntheses routes by the top-down and bottom-

up approaches. Mechanical exfoliation is the rarest and less effective procedure used 

for isolating single layer graphene sheets from desired source. This method can be 

identified as the first-established procedure for graphene synthesis [68]. In this 

exfoliation method, longitudinal or transverse stress is exerted on the graphite surface 

for the exfoliation [68,69,67].  

Chemical exfoliation is a feasible method for the synthesis of graphene [73]. Chemical 

exfoliation methods produce colloidal suspension of graphene from graphite and 

graphite intercalation compounds. This is a combined process which has two steps. In 

the first step, the Van der Waals forces which are in between layers (interlayer forces) 

are lessened by chemical interactions to widening the distance between layers. 

Therefore, it produces graphene- intercalated compounds [74]. Finally, it exfoliates to 

graphene which has single to few layers by sonication or by the rapid heating. 

Hummer’s method is the most widely used chemical exfoliation process [69].  

Chemical synthesis is a successful approach to produce graphene. Sonication and GO 

reduction are the two methods in chemical synthesis. A conventional procedure of the 
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preparation of graphene in larger quantities is the chemical reduction [75]. GO is 

mostly synthesized by the oxidation of graphite using some oxidants based on 

chemical exfoliation method. Then graphene is produced by sonication or reduction 

process of GO. Sonication and reduction of GO are another famous approach to the 

graphene production. Some reducing agents are phenyl hydrazine, hydroxylamine, 

glucose, ascorbic acid, and hydroquinone  [74]. 

Pyrolysis is a bottom-up approached used for graphene synthesis. This is a thermal 

reduction of graphite with sodium ethoxide under sonication. In this process, graphene 

sheets are smoothly detached [74]. Epitaxial graphene production is a thermal 

graphitization process using SiC surface; has the limitations in higher temperature 

requirement and the failure to transfer on to another substrates [76]. 

CVD involves a chemical reaction process where the gaseous state of the precursor is 

prepared by heating. At a higher temperature, a substrate like a solid, a film, or liquid 

is diffused on thermally disintegrated precursors. Finally, the deposition is taken place 

from the gaseous precursors on the surface of the substrate such as Ni, Pd, Ru, Ir and 

Cu. Therefore, thermal CVD techniques are highly beneficial for large-area device 

manufacture and advantageous in upcoming corresponding metal- oxide 

semiconductor (CMOS) technology by substituting Si [76].  

Among these methods, chemical exfoliation method consists of low energy consuming 

process and low environmental impacts comparative to other graphene synthesis 

methods. Because bottom-up processes need large amount of energy, and they need 

modified atmospheric conditions. Therefore, modified Hummer’s method is selected 

under chemical exfoliation method as the GO synthesis method in this research.  

 

Hummer’s Method 

Sulfuric acid and potassium permanganate are used in this method. Even though 

potassium permanganate is a common oxidizing agent, the real oxidizer in this process 

is dimanganese heptoxide (Mn2O7). 

KMnO4 + 3H2SO4 →K+ + MnO3
+ + H3O

+ + 3HSO4     (1) 
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MnO3
+ + MnO4

+ →Mn2O7  (2) 

Graphite flake is a naturally occurring mineral, which consist of some impurities and 

some purification processes are needed to remove the undesired atoms. Many defects 

in its π structure can be occurred during this purification process, and these defects can 

initiate the oxidation process.  

Graphite sheets have sp2 hybridized structure and this structure is destroyed, and 

wrinkled defects are formed when it is oxidized to produce GO. The interlayer distance 

is increased due to the formation of defects and the average interlayer distances of 

graphite powder and GO are 3.35 Å and 6.8 Å respectively. The interlayer distance is 

depended on the exfoliation level and the amount of intercalated water which are in 

between sheets. Therefore, single-layer GO can be produced from GO by low-energy 

ultrasonication in water. GO has a hydrophilic surface and it is negatively charged due 

to oxygen-containing functional groups.  

2.4.4. Tailoring pore structure 

Template methods and chemical activation are the dominant methods of pore structure 

tailoring. In template method, pre-designed silica templates are commonly used, and 

it gives a well-controlled pore arrangement. However, cost of the templates and their 

unavailability are the main drawbacks of these methods. Since the easiness and the 

having a mesoporous structure of the product, KOH activation method is the most 

promising method in chemical activation. A homogeneous contact between the KOH 

and the solid graphene sheets can be created after drying with the colloid with injected 

KOH. And chemical activation in annealing of graphene with KOH leads to a ultra-

high specific surface area with a mesopore structure [15, 41, 57, 79]. 

2.4.5. Tailoring surface chemistry 

Surface chemistry is another important characteristic of electrode material apart from 

conductivity and pore structure. Functional groups, defects, dopants, and heteroatoms 

on surface are addressed under the surface chemistry. The incorporation of 

heteroatoms, such as nitrogen, into carbon materials can considerably improve the 

specific capacitance, because the nitrogen-containing functional groups can induce 

pseudocapacitive effects and improve the wettability of carbon materials to electrolyte 
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solution [77]. Therefore, wettability is the main factor which effects on the 

pseudocapacitance [77].  

Oxygen-containing functional groups are the major factor which effects on the 

wettability [78]. Especially, hydrophilic oxygen-containing functional groups, such as 

carboxyl, hydroxyl, and carbonyl reduce the wettability due to these oxygen-

containing functional groups have an excellent affinity toward water droplets [77, 78], . 

The understanding about the wetting properties of graphene in water is important to 

design a graphene-based energy storage device in microstructural aspect and to 

improve the performances. Increasing the wettability and avoiding from 

pseudocapacitance can be achieved by modifying the surface chemistry accordingly. 

GO reduction is a dominant process for tailor the surface chemistry. 

The reduction step can also be completed through several methods, such as the 

environmentally methods of flash photoreduction, hydrothermal, catalytic reduction 

and thermal annealing [79–81]. Slow thermal annealing and chemical methods are 

used to achieve the complete reduction of the functional groups. Thermal annealing 

normally operate in a modified  atmosphere which prevents the oxidation, however it 

can be also locally induced in air by scanning a heated AFM (Atomic Force 

Microscopy) tip around the surface of the GO [82].  Sodium borohydride, ascorbic 

acid [83], baker’s yeast with hydrazine hydrate are the frequently used reducing agents 

[81, 83]. An exfoliated material having a higher BET (Brunauer, Emmett and Teller) 

can be obtained from the combination of both thermal and chemical reduction methods 

of GO. Because the surface area is useful in electronic and energy storage applications.  

Generally, thermal reduction of GO gives comparatively higher surface area values 

than the chemical reduction of GO as GO tends more to remove its functional groups 

under high temperature condition  [81, 82, 84, 85].  For the energy storage purpose, 

specific surface area are critical parameters. Therefore, thermal reduction method can 

be selected because it produces high surface area and homogeneous structure, thus 

enabling the functions of graphene-based materials for large-scale products.  
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2.4.6. KOH activation mechanism 

Mechanism of KOH activation 

Activation of graphene oxide (GO) from KOH starts in a solid-solid reaction and it 

converts to a set of solid-liquid reactions [87]. These solid-liquid reactions are 

involved in the reduction of potassium compounds to form metallic potassium, carbon 

oxidation and production of various active intermediates.  

KOH dehydrates to form K2O at 400℃ (Eqn.3). Three consecutive reactions happen 

to the production of K2CO3. H2O consumes carbon and form CO (Eqn.4). Then CO 

reacts with H2O to form CO2 (Eqn.5). K2CO3 is formed as the result of the reaction 

between CO2 and K2O (Eqn.6). K2CO3 forms at above 400℃. Although KOH is 

completely decomposed at about 600 0C. 

The prominent reaction between C and KOH is previously reported as  Eqn.7 [33]. The 

standard Gibbs free energy (∆G0) of this reaction which is illustrated in Eqn.7 is 

positive at ambient temperature and it has a negative value when the temperature is 

increased upto 570 ℃. Due to the dilution of the solution with the inert gas flow, the 

partial pressure of H2 is less than the ambient pressure. Therefore ∆G0 becomes 

negative at a temperature below 570℃. Though the Eqn.7 is the prominent reaction, 

there are several reactions happen to consume carbon. 

2𝐾𝑂𝐻 → 𝐾2𝑂 + 𝐻2𝑂                                   (3) 

𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2                                    (4) 

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2                               (5) 

𝐶𝑂2 + 𝐾2𝑂 → 𝐾2𝐶𝑂3                                    (6) 

6𝐾𝑂𝐻 + 2𝐶 → 2𝐾 + 3𝐻2 + 2𝐾2𝐶𝑂3         (7) (400℃) 

According to the Eqn.8, K2CO3 significantly decomposes to K2O and CO2 at higher 

temperatures above 700℃and K2CO3 completely disappears by the total 

decomposition at about 800℃. According to the Eqn.9, K2CO3 consumes carbon about 

493oC to produce metallic K. However, K2O and CO2 consume carbon at high 

temperatures above 700℃as the Eqn.10 and 11. 
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𝐾2𝐶𝑂3  → 𝐾2𝑂 +   𝐶𝑂2           (8) (Above 700℃) 

𝐾2𝐶𝑂3  +  𝐶 → 𝐾 + 𝐶𝑂           (9) (Above 493℃) 

𝐾2𝑂 + 𝐶 → 𝐾 + 𝐶𝑂                 (10) (Above 700℃) 

𝐶𝑂2 + 𝐶 → 𝐶𝑂                           (11) (Above 700℃) 

 KOH activation process consists of both chemical and physical activation 

mechanisms, and it can be divided into four main stages. These stages are (i) etching 

the carbon framework (chemical activation), (ii) gasification of carbon (physical 

activation), (iii) K intercalation and (iv) removal of intercalated metallic K. Porous 

network generation starts from the chemical activation which involves to the redox 

reactions between various potassium compounds with carbon (Eqn.7, Eqn.9 and 

Eqn.10). Further development of the porosity takes place under the physical activation, 

which results in formation of H2O and CO2 (Eqn.3, Eqn.5 and Eqn.8). According to 

the Eqn.7 and Eqn.8, metallic potassium is formed, and it is intercalated to the GO 

lattice, as it is formed which causes in significant expansion of the GO lattice. Finally, 

the intercalated metallic potassium and other remaining potassium compounds are 

removed by washing by HCl and distilled water. After the washing process the formed 

porous carbon lattice stays at its expanded structure [88]. 

Critical process parameters of KOH activation 

Development of porous carbon structures using KOH activation has been reported by 

many authors. In the previous studies, that KOH activation has been carried out for 

both natural carbon sources,  and also modified carbonaceous materials such as 

graphene, expanded graphite etc. [81–84]. Most studies were focused on the 

identification of favorable ranges of critical process parameters in KOH activation by 

varying one or more parameters. KOH/C ratio, activation temperature, activation time, 

the temperature increasing rate and sweep gas rate can be identified as the critical 

parameters that influence the porosity and surface area of the activated material.  

Influence of activation temperature 

Activation temperature above 800℃ is commonly used, in order to surpass the 

complete decomposition temperature of K2CO3 to confirm the supply of sufficient 
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energy to produce metallic K for the optimum activation. However, activation at low 

temperatures around 600℃ have also been reported [6,12].   However, activation at 

lower temperatures generally results in lower specific surface area [66]. Min Li and 

his co-workers [91] followed KOH activation of carbon spheres from glucose, which 

resulted in specific surface area about 1282.8 m2/g at an activation temperature of 

600℃. However, the average pore size obtained was about 250 nm, which is not 

adequate for the effective electrolyte ion penetration. Therefore, previous studies 

suggest that an activation temperature above 800℃ can result in higher specific 

surface area, together with favorable pore size distribution [86, 88].    

 

Influence of the duration of activation 

Xiaoyu Gao et al. [92] synthesized a graphite-based electrode material for lithium-ion 

capacitor by twice KOH activation of Sri Lankan vein graphite without any prior 

modification.  In this study, the KOH/C ratio was maintained at 4, and activation was 

carried out for 1h duration at 800℃ followed by a second activation step for 1h 

duration at 950℃.  During this activation process, the SSA of vein graphite was 

increased from 326 m2/g to 1857 m2/g. They have used higher activation duration when 

compared to other similar studies which used same KOH/C ratio and activation 

temperature, and it has resulted in comparatively high specific surface area.  

Though most of the reported KOH activations were carried out for 1 h duration, limited 

number of studies have used 2 -5 h duration and achieved extraordinary SSAs. For 

example, Pitch- derived carbonaceous was successfully activated by Min Zhou and co-

workers [77] (ratio of KOH/C as 1  at the activation temperature 700℃),  and a 2-hour 

activation process has improved the SSA to 3200 m2/g  from 521 m2/g.  

K. Kierzeka et al.[65] activated carbonaceous precursors with KOH in 1:4 ratio at     

800 ℃ for 5h duration and obtained high SSA about 3200 m2/g.  Therefore, it is evident 

that longer activation duration at high activation temperature results in higher SSA and 

smaller pore sizes about 1.79-2.21 nm. Their obtained pore size is in the range of 

expected pore size (0.7-3 nm) for the best performance in electrolyte ion penetration. 

Some studies were used the KOH/C mass ration in 4 and temperature at 800℃, but 
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they couldn’t maintain the material porosity in this range. These experiments illustrate 

the effect of activation duration for the SSA modification.  

Influence of minor parameters 

The influence of the heating method in KOH activation was studied by Yongbin Ji and 

his group [9], comparing the SSA from both microwave heating and electrical furnace 

heating of the mixture of KOH and commercial coal-tar pitch. According to their 

results, microwave heating had been given better SSA than electrical furnace heating. 

The reason is that the creation of mesopores in microwave heating is related to the fast 

heating with compared to slow electric furnace heating. Though, Yongbin Ji and his 

group suggested the microwave heating as the best heating method for the KOH 

activation, considering other literature influence of the heating method can be 

neglected with the prioritizing other key parameters.  

Despite the main three parameters (activation temperature, activation time and KOH/C 

ratio), studying the effect of the other minor variables such as nature of the sweep gas 

and its flow rate [87], pH of the activation environment [93] and furnace temperature 

increasing rate are important. The sweep gas should be an inert gas. And the 

maintaining of sweep gas flow rate at a low value is important for give sufficient time 

to occur the reactions in between liquid and gas phases. This rate is maintained by 

measuring the exhaust gas flow rate at one air bubble per second. Various amounts of 

KOH are added with graphene oxide in the activation process. This varies the pH of 

the activation environment. Maintaining the sample pH can be done after finding the 

optimum KOH/C mass ratio for the activation process. Therefore, understanding of 

the KOH activation mechanism is important to have a great awareness about the 

influence of these parameters. 

2.5. Electrolyte 

Figure 10 shows the impacts of the electrolyte on the energy storage capability. Mainly 

it alters the power density, capacitance, cycle life, energy density and thermal stability 

of the EDLC. Therefore, the proper selection of the electrolyte is significant for the 

electrode cell fabrication. The achievable cell voltage of a supercapacitor differs with 

the breakdown voltage of the electrolyte; therefore, the energy density of the cell is 
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controlled by the electrolyte rather than depending on the voltage. Electrolyte 

conductivity is a very important factor which should be concern when selecting the 

electrolyte, because it differs the cell’s electric serial resistance which directly alter the 

power density [26]. Normally electrolytes are in liquid phase, and it conduct electricity 

through conveying ions and maintain an electronic insulation among positive and 

negative electrodes [94]. 

The choice of the electrolyte directly affects the capacitance, power density, cycle life, 

energy density, thermal stability, and equivalent series resistance of electrochemical 

capacitors. Compatibility with the electrode material is an imperative factor when 

selecting an electrolyte. Because the electrolyte should not tend to change the surface 

chemistry of the electrode and not react with it or dissolve any component in the 

electrode. 

 

 

 

 

 

 

 

 

 

 

Figure 10. Effects of the electrolyte on the energy storage performance [95] 
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Figure 11. Percentage of different electrolytes used for the electrochemical 

supercapacitors. Source: Web of Science [96] 

2.5.1. Aqueous electrolytes   

Owing the narrow voltage window of the aqueous electrolytes, it has low attention in 

the commercial energy storage applications. This may be the major reasons to the more 

commercial energy storage applications use organic electrolytes. However, according 

to Figure 11, aqueous electrolytes were the widely used electrolyte in research sector.  

Typically, aqueous electrolytes show higher conductivity (as 0.8 S cm–2 for 1 M H2SO4 

at 25℃), which is at higher than electrolytes such as ionic and organic electrolytes. 

This characteristic is favorable for reduce the ESR for a better power delivery. The 

bare size, hydrated anions and cations and their mobility are the parameters of 

electrolyte, which effect on the ionic conductivity and also on the specific capacitance.  

The aqueous electrolytes have three groups as acid (H2SO4), alkaline (KOH, LiOH, 

NaOH), and neutral solutions (Na2SO4, NaCl, KCl, MgSO4, LiSO4,). Among these 

aqueous electrolytes H2SO4, KOH and Na2SO4 are the widely used electrolytes. Since 

water decomposition, it has a lower potential window (1V-1.3V), which is a major 

drawback in electrolyte performances.  
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Acidic electrolytes are the widely used electrolyte in research and H2SO4 is the mostly 

used acid electrolyte owing its higher ionic conductivity (0.8 S cm–1 for 1 M H2SO4 at 

25℃). Because of the strong dependence of the ionic conductivity on the H2SO4 

concentration, optimum concentrations in various temperatures have been studied. 

Majority of the researches used 1M concentration as the optimum value [87,88,10]. 

The maximum potential window which was achieved using 1 M H2SO4 is 1V and the 

specific capacitance values are varied between 100 -460 F/g. organic electrolytes could 

maintain much potential windows than acid electrolytes as well as the specific 

capacitance values are significantly high [11,16,44,60,89,90].  

However, the energy densities and the specific capacitance values are similar for both 

KOH and  H2SO4 electrolytes [28,48,77,84, 91]. 

2.5.2. Organic electrolytes  

Organic electrolytes have a higher potential window at 2.5 V to 3 V. Therefore, most 

of the commercial applications tends to select a suitable organic substrate as the 

electrolyte for their EDLC preparation. Since the energy density and power density of 

EDLC are directly dependent on the cell voltage, organic electrolytes can give 

increased both power and energy densities. Moreover, organic electrolytes allow to 

select a low-cost material as Al for the current collectors and as the packaging 

materials. Conventional EDLCs which uses organic electrolytes use some  conductive 

salts (e.g., tetraethylammonium tetrafluoroborate (TEABF4) liquified in PC (propylene 

carbonate) solvent [11,16,44,60,89,90]. Among the organic electrolytes, gel 

electrolytes which made from the combination of polyvinyl alcohol (PVA), acid/base 

and/or carbon source  shows low potential window compared to  acetonitrile basis 

electrolytes [11,89].  

2.5.3. Ionic liquid (IL) electrolytes 

The pure liquid salts can be labeled as Ionic liquids (ILs). Since having a practically 

zero or negligible volatility, broad operating voltage window, highly ionized nature, 

and behaving as a liquid for wide temperature range, ILs are used in more 

electrochemical energy storage devices as the best performing electrolyte [86,92].  
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N-butyl-N-methylpyrrolidinium (trifluromethanesulfonyl) imide (PYR14TFSI) is a 

common type of ionic electrolyte, which use with blend with propylene carbonate. 

This electrolyte increases the energy storage of the EDLC but its high viscosity limits 

power density [107].  

As the conclusion of selecting the best type of electrolyte, though aqueous electrolytes 

have been become a prominent group because of high ionic conductivity, functioning 

safety, because of maximum charging voltage is limited by splitting voltage of water, 

research have moved toward the organic electrolytes. However traditional organic 

electrolytes have difficulties in some maintenance, high cost, high environmental 

influence, safety matters and low ionic conductivity, ionic liquids (IL) have more 

attention today in view of voltage window, conductivity, viscosity, boiling/ melting 

points, dielectric constant, salt chemistry of different liquid solutions. However, 

research still research finding new electrolytes to accomplish estimated values.  

 

2.6. Sri Lankan vein graphite  

Natural and synthetic graphite are the sources for graphene synthesis. However, 

graphite flakes are the mostly used carbon source for the graphene synthesis in 

industrial and lab scale [15,42,44,56,96,99,103,104]. Sri Lankan graphite veins are 

unique because of its high purity, high crystallinity and the large scale of their 

occurrence. Because of its unique properties, large number of studies has been done 

for find its formation [18,19], trace elements [20,21], thermal and chemical behavior 

[114] and surface modification methods [23,24]. Capability of increasing the 

electrochemical interaction by simple mechanical or chemical processes is a main 

finding about vein graphite which is beneficial for use in this research [25,26].  

Though more research has been done with Sri Lankan vein graphite, no one have 

successfully attained to vein graphite for EDLC applications. Therefore, the unique 

properties of Sri Lankan vein graphite are considerable for the EDLC electrode 

preparation.  
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2.7. National Relevance 

As the only country to export commercial quantities of Vein graphite, Sri Lanka 

recognizes the mineral’s value in creating significant foreign investment from both 

local and foreign private sectors. High purity vein graphite is available in Sri Lanka. It 

has an extremely high grade with over 90% carbon. Vein graphite is today in demand 

for numerous industries owing to its composition. The unique properties including 

chemical inertness, high density, lubricating properties, high electrical and thermal 

conductivity, resistance to oxidation and crystalline perfection that vein graphite has 

proven to be precious to industrial applications.  

Sri Lankan vein graphite has unique properties, which could have a high commercial 

value in energy storage sector. Therefore, innovations are essential for the value 

addition of Sri Lankan graphite for the applications in energy storage devices. It is a 

national need to build Sri Lanka’s capabilities in energy storage solutions through 

research and development.  

Various categories of graphene-based materials have been studied to use in the EDLCs. 

However, higher energy and time consumption, environment pollution and 

requirement of more additives when assembling the cell are the drawbacks in reported 

studies. Therefore, it is needed to create simple and greener ways to attain high 

functioning and cost-effective electrodes using high quality Sri Lankan vein graphite. 
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3. RESEARCH METHODOLOGY 

3.1. Materials 

Sri Lankan vein graphite was received from Bogala graphite mine, Sri Lanka. Other 

chemicals such as H2SO4, KMnO4, H2O2, H3PO4, HCl, ethanol and KOH, methylene 

blue, Na2S2O3, iodine, starch were supplied by Breckland scientific chemical suppliers, 

UK. All chemicals were analytical grade and used as received without any further 

purification. All solutions which were used in the surface area analysis were freshly 

prepared with distilled water. 

3.2. Graphene oxide (GO) Synthesis 

GO was synthesized from Sri Lankan vein graphite by modified hummers method. A 

combination of vein graphite powder (10 g) and KMnO4 (60 g) was added to a mixture 

of concentrated H2SO4/H3PO4 (1200:133 ml), stirring and keeping the temperature at 

between 10-20℃. Then the mixture was stirred while heating at 60℃ for 10 h. The 

reacted mixture was cooled down to room temperature and poured onto the ice 

cubes(~500ml) with 3 ml of 30% H2O2. The resulting precipitate was washed twice 

with distilled water, HCl, ethanol and again twice with distilled water by centrifuging 

at 4000 rpm for 20 min per each washing stage. The properly washed precipitate in 

neutral pH was called GO aqueous dispersion. This dispersion was freeze-dried, 

followed by freeze-drying at -45℃ under vacuum condition (0.6 bar) for 72 h. 

3.3. Activation 

GO was activated by following the KOH activation method. A mixture of GO powder 

and KOH was dissolved in 5 ml of ethanol. A thick paste of this mixture was prepared 

by heating below 60℃ with continuous stirring. The mass ratio of KOH: GO was 

varied at 1, 2, 3, 4, and 5. The resultant mixtures were carbonized at 700℃, 800℃ and 

900℃ under an N2 environment in a horizontal tube furnace. The activation time was 

varied to 50 min, 60 min, 70 min, and 90 min. The activated samples were cleaned 

from diluted HCl and distilled water until having a neutral pH of the filtrate. The 

properly cleaned samples were air-dried, and the final products were called as the 

activated GO (AGO). The activated samples are named as AGO(T)-m-t, where AGO 

means activated graphene oxide, “m” is the KOH/GO mass ratio and “t” is the 

activation time (min). For example, GO sample activated at 800℃ with KOH/GO 
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mass ratios at 4 for 60 min is noted as AGO(800)-4-60. This naming convention will 

be used in the discussion hereafter.  

3.4. Morphology, composition, and structure characterization 

For the morphological analysis, Scanning Electron Microscopy (SEM-ZEISS, EV018, 

Germany) was used. Elemental analysis was done using Energy Dispersive X-Ray 

analysis (EDX). The presence of functional groups was observed by the Fourier 

Transform Infrared (FTIR-Bruker, Alpha, Germany) facility. Furthermore, X-Ray 

Diffraction (XRD- Bruker, Alpha, Germany) was used to examine the crystallinity and 

the interlayer distance of prepared activated graphene.  

3.5. Surface area analysis 

As the main aim of this research is to prepare an ultra-high surface area electrode 

material for an EDLC, surface area analysis is done on all activated samples. The 

adsorption properties of methylene blue (C16H18ClN3S) and iodine (I2) were used as 

the primary indicators of the surface area analysis of these AGO. Calculated specific 

surface area was verified by Brunauer-Emmett-Teller (BET-gas sorption analyser 

Anton Paar, USA) test.  

3.5.1. Determination of methylene blue number (MBN) 

The methylene blue number is the maximum amount of dye, methylene blue (MB) 

adsorbed on 1.0 g of adsorbent (AGO). First, the UV-visible absorption spectra of MB 

were recorded by using a UV/Vis spectrophotometer in the 200–700 nm range. The 

maximum absorbance for MB was observed at the wavelength of 664 nm. Therefore, 

the calibration curve of MB dye was obtained at 664 nm.  

AGO samples were dissolved for the preparation of 0.01 g/ml aqueous solutions. 1 ml 

of each solution was contacted with 9 ml of 50 ppm MB solution for 24 hours. Then 

the mixture was filtered. The filtrate was transferred to the UV/Vis spectrophotometer 

cuvette for absorbance determination at 664 nm. A distilled water sample was used as 

the reference.  

The mass of MB dye adsorbed by each activated GO samples was calculated by the 

Eqn:12. 
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𝑞𝑒𝑞 = (𝐶𝑜 − 𝐶𝑒) ×
𝑉

𝑀
    (12) 

Where, 

qeq(mg/g): Mass of absorbed MB 

Co(mg/L) : Starting concentration of MB 

Ce(mg/L): Equilibrium concentration of MB 

V(L): Volume of the MB treated 

M(g): Mass of the absorbent (GO) 

Langmuir model was used to find the methylene blue number. For that, qeq vs Ce plot 

was made, and Langmuir parameters (Qmax and Kl) were found by least square fitting 

regression.  

3.5.2. Determination of iodine number (IN) 

The iodine number is defined as the milligrams of iodine adsorbed by 1.0 g of carbon 

when the iodine concentration of the filtrate is 0.02 N (0.02 mol/L). The iodine number 

was determined according to the ASTM D4607-94 method. 

3.5.2.1. Preparation of standard solutions 

First, 5 % w/w HCl solution was prepared. Then, Sodium Thiosulfate (0.1 N) was 

prepared by following procedure. 24.8 g of sodium thiosulfate was dissolved in 100 

ml of freshly boiled distilled water. Well dissolved solution was transferred to 1 L 

volumetric flask and diluted up to 1 L. The solution was stored in an amber bottle. This 

solution was allowed to stand at least 4 days before use. 

Then, following procedure was used to prepare the standard Iodine Solution (0.001 N). 

12.7 g of iodine and 19.100 g of potassium iodide (KI) were weighed into a beaker and 

were mixed properly. 50 ml of distilled water was added to the mixture and stirred. 

More water was continuously added and stirred until all crystals were thoroughly 

dissolved. It was transferred to a 1 L volumetric flask and filled to the mark with 

distilled water. Final solution was freshly stored in an amber bottle. 
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To make starch indicator, 1 g of starch was mixed with 10 mL of cold water to make 

a paste. This paste was diluted to 1 L while stirring and boiling for 5 min. This solution 

was freshly made before each titration.  

3.5.2.2. Titration Procedure 

Three appropriate amounts (0.01 g, 0.02 g, and 0.03 g) of AGO were weighed and 

noted the weights. Each weighted sample was transferred to a dry and clean 250 ml 

conical flask. 5ml of 5 w/w% HCl acid was pipetted onto the activated GO sample. 

The flask was swirled gently until the sample was completely wetted by HCl. This was 

boiled for 1 min to remove any sulfur contaminate on which might interfere with the 

titration findings. Then it was cooled to ambient temperature. 25 ml of 0.1 N iodine 

solution was pipetted into each flask. The solutions were shaken vigorously for 1 min 

and all mixture ware filtered quickly.  

Then, 15 ml of each filtrate was collected to clean conical flask for the titration. Each 

filtrate was titrated with 0.1 N sodium thiosulfate solution until the solution was pale 

yellow. The 2 ml of freshly made starch indicator was added, and titration was 

continued with sodium thiosulfate until convert to a colorless. Volumes of sodium 

thiosulfate consumed for the titration were noted.  

3.5.2.3. Calculation 

Mass of I2 added for the absorbance (A) 

A =
NI×VI×126.93×1000 

1000
 mg  (13) 

𝐴 = 𝑁𝐼 × 𝑉𝐼 × 126 

Where, NI is the normality of the iodine solution (0.1 mol/L) and VI is the volume of 

the iodine used (ml). 

Mass of I2 remained in the titrated volume (B) 

Na2S2O3 moles consumed for the titration =
𝑁𝑆×𝑉𝑠

1000
   (14) 

I2 moles remained in the titrated volume=
Ns×Vs 

1000
×

1

2
   (15) 
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𝐵 =
𝑁𝑠×𝑉𝑠

1000
×

1

2
× 126.93 × 2 × 1000 mg  (16) 

𝐵 = 𝑁𝑠 × 𝑉𝑠 × 126.93 mg 

Where, NS is the normality of the Na2S2O3 solution (0.1 mol/L) and Vs is the volume 

of Na2S2O3
 consumed for the titration (ml). 

Mass of I2 remained in the filtrate  

Total contacted volume=𝑉𝐻 + 𝑉𝐼   (17) 

Therefore, Total mass of I2 remained in the filtrate= 
(𝑉𝐻+𝑉𝐼)×𝐵

𝑉𝐹
 mg   (18) 

Let, 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝐷𝐹) =
𝑉𝐻+𝑉𝐼

𝑉𝐹
   (19) 

The mass of I2 remained in the filtrate=𝐷𝐹 × 𝐵  (20) 

Where, VH is the volume of HCl used (ml), VF is the volume of filtrate used for the 

titration (ml) and DF is the dilution factor. 

Mass of iodine adsorbed 

Mass of iodine absorbed=Mass of I2 added for the absorbance – Mass of I2 remained 

in the filtrate 

Mass of iodine absorbed=𝐴 − 𝐷𝐹 × 𝐵  (21) 

Iodine absorbed per gram of activated GO= 
𝐴−(𝐷𝐹×𝐵)

𝑀
   (22) 

Where, M is the mass of activated GO used (g). 
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4. RESULTS AND DISCUSSION  

4.1. Surface area analysis of porous graphene 

Porous materials are beneficial in many a wide range of applications. Hence a 

comprehensive surface area analysis on specific surface area of porous materials is 

very important. The Brunauer-Emmett-Teller (BET) method can be used for accurate 

determination of specific surface area. However, due to high cost associated with BET 

equipment, it is not commonly available. Specially, it is not feasible to have this type 

of costly equipment in an industrial setting. Alternatively, surface area of porous 

materials can be determined by dye adsorption methods which is simple and 

economical. For the measurement of surface area of mesoporous graphene, methylene 

blue (MB) and iodine adsorption have been studied as suitable methods. However, it 

is important to study the dye adsorption kinetics related to particular application, to 

successfully use this for accurate determination of surface area.   

According to the previous studies [1–3] the methylene blue (MB) and iodine numbers 

change proportionally with the surface area, making these mothods appropriate for 

determination of surface area. The methylene blue molecule has an area of 2.08 nm2 

and can only enter the large micropores and mesopores. The iodine molecule is 

relatively small with an area of 0.4 nm2 and can enter into the smaller micropores [120]. 

Therefore, by determining both the MBN and the IN, a comprehensive surface area 

analysis can be done. Since the adsorption kinetics of MB molecules is specific to the 

type of porous material it is important to find the exact adsorption kinetic model for 

activated graphene oxide (AGO) synthesized in this study.   

4.1.1. Kinetic Models 

This section describes the identification of the best coordinated reaction order and the 

adsorption isotherm for the reaction between MB and AGO.  

Initially, the full range of UV-Visible absorption spectrum of MB aqueous solution 

was obtained, ( Figure 12(a)), and it showed the highest intensity absorbance peak at 

664 nm. Therefore, 664 nm was used to measure the absorbance values in all samples. 

The absorbance values of the concentration known MB samples were measured to 

prepare the calibration curve. The calibration curve was obtained at 664 nm is shown 

in  Figure 12(b) and this curve will be used for determining the concentration of MB 
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in the filtrates at different AGO samples.  Figure 12(b) shows a plot of MB 

concentration versus spectrophotometer absorbance readings. Figure 12(b) confirms 

that the absorbance values are linearly proportional to MB concentration with a 

relationship of y=0.11092x (where y is absorbance and x is filtrate concentration)  with 

R2=0.98621. 

In this study, AGO and MB were allowed to adsorb for 3 hours and, then the 

spectrophotometer reading was taken for the filtrate. The calibration curve was used 

to measure the filtrate MB concentration from the absorbance. Then, adsorbed 

methylene mass per one gram of AGO was calculated.  

The spectrophotometry readings of the filtrates were taken and it was converted to the 

milligrams of MB adsorbed by 1 gram of GO at equilibrium  (qeq)  and the adsorption 

quantity at any state from the calibration curve. High absorbance values of the filtrate 

indicate poor adsorption of MB onto the AGO surface. Therefore, the filtrate 

absorbance is inversely related to qeq values.  

Figure 13 depicts that the adsorption amount clearly correlated with the initial MB 

concentration. The amount of dye adsorbed per unit mass of adsorbent at equilibrium 

(qeq )values are gradually increased with the initial MB concentrations. It shows a MB 

absorption capacitance below 50 mg/g at the initial MB concentration of 1ppm and the 

capacitance has been increased to more than 150 mg/g after raising the initial MB 

concentration to 20 ppm. The qeq gets higher probably due to an increase in driving 

force (concentration gradient) when the initial MB concentrations are increased. The 

diffusion of MB molecules onto the activated GO is definitely accelerated by the 

increase of the initial dye concentration of MB. At a lower concentration of MB dye, 

the driving force seems less to adsorb methylene blue. However, when the initial 

concentrations reach 5 ppm the qeq values get increased at a higher rate of the gradient. 

At that point, the driving force may be sufficient enough to access most of the active 

sites of GO [118]. 
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(a)  

(b) 

 

 Figure 12: (a) The spectrophotometer absorption curve in whole wavelength, (b) The 

spectrophotometer calibration curve of MB at λ=664nm 
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                             Figure 13: Effect of initial MB concentration on qeq 

 

Experimental values were fitted to the first order and second order kinetic models in 

order to investigate the adsorption process. The equations for the kinetic rates are as 

follows. 

𝑑𝑞𝑡

𝑑𝑡
= 𝐾𝑛(𝑞𝑒 − 𝑞𝑡)𝑛     (23) 

Here qe is the mass of dye (MB) adsorbed by unit mass of adsorbent (activated GO) in 

the units of mg g-1 at the equilibrium state where qt corresponds to the mass of dye 

adsorbed by unit mass of adsorbent after time t. The rate constant (kn) is nth order 

adsorption (at n=1 unit is min−1 and at n = 2 unit is gmg−1min−1). The equations can 

be written in the linearized integrated forms as follows, 

n=1; for the 1st order kinetics: 

ln(𝑞𝑒 −  𝑞𝑡) = ln 𝑞𝑒 − 𝑘1𝑡     (24) 

n= 2; for the 2nd order kinetics: 
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t

qt
=

1

k2qe
2 +

t

qe
  (25) 

ln(qe−qt) vs t and t/qt vs t graphs were plotted to calculate the rate constants and the 

coefficients of the 1st and 2nd order kinetic models. Based on the linear regression 

coefficient (R2) and the qe values which are calculated he best fitting kinetic model was 

chosen. Intraparticle diffusion model describes the dependency of reaction by 

diffusion. Hence, possibility of the diffusion to be the rate control step in this process 

can be investigated by using this model [118,119]. Here kp is the inter particle diffusion 

rate constant. kp is calculated from the gradient of linear part of the curve qt against t1/2. 

𝑞𝑡 = 𝑘𝑝𝑡1/2 + 𝑐  (26) 

According to Figure 14, initially adsorption rate is high for the AGO samples and 

equilibrium is reached around 120 min. The availability of larger surface area and the 

external activation sites which can be reached fast by dye molecules have contributed 

to the fast adsorption rate of AGO. The efficiency of dye adsorption is also high in 

AGO because the single layered atomic structure facilitates the dye molecules to reach 

active sites. The saturation of dye adsorption occurs around 120 min. According to 

previously reported studies [120, 121], time taken to achieve equilibrium in MB 

adsorption in AGO may range upto several hours. However, in the present work, the 

adsorption of methylene blue onto the AGO was observed to be faster with equilibrium 

adsorption being achieved after 120 min. 
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                 Figure 14: Effect of activation time on the quantity of MB adsorption 

 

The kinetic models of MB molecules adsorption on AGO was investigated by plotting 
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(24) and eqn (25) correspondingly. The respective plots are illustrated in Figure 15(a) 

shows the first order kinetic model and Figure 15(b) shows the second order kinetic 

model. The respective kinetic parameters are tabulated in Table II. The 1st order model 

predicts the qe values with 16.23% of underestimation. However, the 2nd order model 
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model does not fit for the MB adsorption onto the AGO surface. Thus, the 2nd order 

model reasonably describes the MB adsorption having R2 of 0.998. Thus, it may be 

concluded that the rate restrictive stage might be chemisorption which is promoted by 

either valency forces or covalent forces [125]. The valency forces can be occurred by 

sharing the electrons between adsorbent and sorbate and the covalent forces can be 

created by the  exchange of electrons between the individuals concerned [125]. 
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(a) 

(b) 

 

 

 

Figure 15: (a) Plot for the 1st order kinetic model, (b) Plot for the 2nd order kinetic 

model 
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Table II: Summery of kinetic models 

Order Plot equation K qe.calculated %difference R2 

1st order y = -0.032x + 

4.7718 

K1=0.032 118.13 -16.23 % 0.973 

2nd 

order 

y = 0.0068x + 

0.0673 

K2=0.000747 147.06 +4.3% 0.998 

 

The effect of the intraparticle diffusion on the MB adsorption onto the AGO surface 

was evaluated based on the intraparticle diffusion model [118,119]. According to 

Figure 16, this plot behaves having small curvature (mostly linear) initially and an 

equilibrium state throughout the rest of the plot. This initial curvature represents the 

bulk diffusion, and the linear section represents the intraparticle diffusion. Normally, 

bulk diffusion depends on the initial adsorbent concentration. A line is fitted by 

connecting the data points which behave slight linearly as drawn in the Figure 16. The 

intercept of this straight line uses to predicts whether the interparticle diffusion is the 

rate controlling mechanism or not. Figure 16  shows the intraparticle diffusion model 

and the developed straight line doesn’t go through the origin. According to this concept 

if this line passes through the origin interparticle diffusion would be the rate 

controlling step [126]. However, considering the calculated Kp and C values from this 

line (Equation of y = 8.7333x + 52.222, Kp of 8.7333, C at 52.222, R2 of 0.99), MB 

adsorption onto the AGO has mainly driven by bulk diffusion and after initiation, the 

adsorption is happened mainly by intraparticle diffusion.  
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              Figure 16: Evaluation of intraparticle model for MB adsorption onto AGO 
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𝑞𝑒 =  
𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
  (27) 

Here qe is the amount of absorbate adsorbed per gram of adsorbent after 

equilibrium(mgg−1) reached and Ce is solute concentration in the aqueous solution 

(mgL−1) after the equilibrium is reached. KL and qmax and are considered as constants 

corelated to the adsorption energy (Lmg−1) and to the capacity of maximum 

adsorption(mgg−1). In Langmuir isotherm another characteristic parameter can be 

identified as dimension factor r (separation factor) which can be represented as follows. 

𝑟 = (1 + 𝐾𝐿𝐶0)−1        (28) 

Here Co denotes the maximum value of commencing absorbate concentration (mgL−1). 

Type of the isotherm is affiliated to the value of r where the r > 1 means unfavorable, 

r =1 linear and 0 < r < 1 favorable and r = 0 means irreversible adsorption. This analysis 

showed the separation factor for at 0.121 and it proves the suitability of Langmuir 

model for describe this adsorption kinetics.  

The empirical model based heterogeneous adsorption on individual active sites is 

presented by the Freundlich’s equation as follows, 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

     (29) 

Here kf  is the relative adsorption capacity (mg1−(1 /n) L1 /ng−1) and n depicts intensity of 

adsorption where the n > 1 represents preferable adsorption. 

When adsorption sites get filled, Temkin isotherm shows a linear depletion in the 

adsorption energy. Some amount of heat can be generated by the connections between 

adsorbate and the adsorbent, which may interrupt the linearity of the MBN with the 

surface area of the porous material. The characterization of the adsorption can be done 

by a uniform binding energies distribution until a maximum point. Temkin isotherm 

is expressed as following equation. 

𝑞𝑒 =  
𝑅𝑇

𝑏
 ln (𝐴𝐶𝑒)     (30) 

Here the b is Temkin constant of heat adsorption(J/mol), A is Temkin isotherm 

constant (Lg-1), T is absolute temperature (K), and R is universal gas constant (8.314 
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J mol-1K-1). Based on the nonlinear X2 statistic determination test (SS) the best fit 

model for the distribution was selected where the SS depicts the comparison between 

experimental qe and estimated qe values. 

𝑆𝑆 =  √∑(𝑞𝑒,𝑐𝑎𝑙𝑐 − 𝑞𝑒,𝑒𝑥𝑝)
2

/𝑁             (31) 

Here the N = Number of the experimental points. 

As described above, MB adsorption isotherms were evaluated by Langmuir, 

Freundlich, and Temkin adsorption models and demonstrated in Figure 17. Qmax value 

from the Langmuir isotherm represents the adsorption capacity, having a high value of 

655.21 mg/g. This clearly shows its high activation level which corresponds to high 

porosity. The separation factor (r) is the most important parameter which tells about 

the favorability of the isotherm for the adsorption behavior. Since r value is in-between 

0 and 1, it confirms the appropriateness of Langmuir model to explain the MB 

adsorption mechanism into AGO. Though the Freundlich equation is an empirical 

model based on heterogeneous adsorption over independent sites, having n value larger 

than 1 demonstrates the pertinence of this model for our system. The suitable model 

for the adsorption mechanism can be found by performing a statistical comparison (SS 

value). Therefore, according to the Table III the Langmuir model can be selected to 

sufficiently describe the adsorption of MB onto the AGO surface (higher R2 and lower 

SS), considering the corresponding kinetic parameters and mainly from the SS value. 
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               Figure 17: Adsorption isotherms of MB on AGO at 25℃ 

Table III: Summary of adsorption isotherms 

Langmuir Freundlich Temkin 

Model Constant Model Constant Model Constant 

KL 7.13 KF 1078 A 47.83 

Qmax 655.21 n 2.14 b 10.42 

r 0.121 R2 0.78 R2 0.86 

R2 0.89 SS 2.56 SS 1.96 

SS 0.98     

 

The experiment was conducted to investigate the suitable kinetic and adsorption 

models for MB adsorption in surface area measurement of AGO. The 2nd order kinetic 

model was the most favorable kinetic model to describe the MB adsorption onto the 

AGO surface. And the Langmuir isotherm was found as the best adsorption isotherm 

among the various adsorption isotherms, which explains this adsorption mechanism 

adequately. Therefore, having clear understanding of the unique adsorption kinetics of 

MB dye onto AGO, any surface area calculation would be feasible by following the 
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2nd order kinetic model and the Langmuir adsorption model. Therefore, MBNs were 

calculated by following the 2nd order kinetic model and the Langmuir isotherm. 

4.1.2. Methylene blue number (MBN) 

The amount of methylene blue adsorbed from each solution was calculated by Eqn.19. 

The analysis of equilibrium condition is important for accurate determination of the 

MBN. Two classical adsorption models, Langmuir and Freundlich isotherms are most 

frequently used [1,8,10]. With our sorption experimental results, the Langmuir 

isotherm equation could be applied to analyze the adsorption equilibrium. Therefore, 

to determine the MBN for the Langmuir model, the qeq was plotted as a function of Ce. 

The Langmuir parameters (Qmax and Kl) were found by the least square fitting 

regression[130]–[133]. 

𝑞𝑒𝑞 = (𝐶𝑜 − 𝐶𝑒) ×
𝑉

𝑀
   (12) 

Where, qeq(mg/g) is the amount of methylene blue adsorbed to GO, Co (mg/L) is the 

initial concentration of methylene blue, Ce (mg/L) is the equilibrium concentration of 

methylene blue, V(L) is the treated volume of the methylene blue, and M (g) is the 

mass of the absorbent (GO).  

Langmuir model:  

𝑞𝑒𝑞 =
𝑄max𝐾𝑙𝐶𝑒

1+𝐾𝑙𝐶𝑒
  (32)   

Where, qeq (mg/g) is the mass of absorbed methylene blue, Ce (mg/L) is the equilibrium 

concentration of methylene blue, Qmax (mg/g) is the adsorption capacity and Kl (L/mg) 

is the mass transfer coefficient. Table IV illustrates the MBNs for the AGO samples 

which were activated at different activation conditions. Sample of AGO(800)-4-60 

which was used to verify the SSA by used BET had MBN of 655.21 mg/g.  
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Table IV:Summary of the Langmuir model for AGO samples 

Sample Qmax 

(MBN) 

 Sample Qmax (MBN) 

AGO(800)-1-60 80.63 AGO(700)-1-60 94.73 

AGO(800)-2-60 109.87 AGO(700)-2-60 101.63 

AGO(800)-3-60 545.86 AGO(700)-3-60 123.25 

AGO(800)-4-60 655.21 AGO(700)-4-60 140.22 

AGO(800)-5-60 179.84 AGO(700)-5-60 101.61 

 

4.1.3. Iodine Number (IN) 

The iodine number is defined as the milligrams of iodine adsorbed by 1.0 g of carbon 

when the iodine concentration of the filtrate is 0.02 N (0.02 mol/L). ASTM D4607-94 

method has been used to determine the iodine number. 0.1 N Na2S2O3, 0.1 N iodine, 

70 mL of concentrated HCl and starch indicator are the standard solutions.  

0.1N Na2S2O3 solution was prepared by dissolving 24.82 g of sodium thiosulfate in 

approximately 25 mL of freshly boiled distilled water. Then 0.1 g of sodium carbonate 

was added to minimize bacterial decomposition of the thiosulfate solution. The 

mixture was quantitatively transfer to a 1 L volumetric flask and dilute to the mark. 

Finally, the solution was allowed to stand at least 4 days before standardizing. The 

solution was stored in an amber bottle. 

0.1 N iodine solution was prepared by mixing 12.7 g of iodine (I2) and 19.1 g of 

potassium iodide (KI) into a beaker. and it was mixed properly. 5 mL of water was 

added to the beaker and stirred well. Small increments of water were continuously 

added while stirring until the total volume is 50 to 60 ml. Then the mixture was allowed 

to stand a minimum of 4 h to ensure that all crystals are thoroughly dissolved. The 

mixture was quantitatively transferred to a 1 L volumetric flask and filled to the mark 

with distilled water. The solution was stored in an amber bottle. 
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70 mL of concentrated hydrochloric acid to 550 mL of distilled water were added and 

mixed well to prepare the 5% HCl solution. The starch indicator was prepared as 

follows. 1 g of starch with 5 to 10 mL of cold water were mixed to make a paste. Then 

an additional 25 mL of water was added while stirring to the starch paste. Finally, the 

mixture was Poured into 1 L flask and filled up to the mark the mixture with boiling 

water. This solution was made fresh daily. 

Titration based procedure was followed to calculate the IN. Therefore, three 

appropriate weighs (0.01 g, 0.02 g, and 0.03 g) of each sample were transferred to a 

dry and clean 250 ml conical flask. Then 10 ml of 5 w/w% HCl acid was pipetted onto 

the activated GO sample. The flask was swirled gently until the sample was completely 

wetted by HCl. This was boiled for 1 min to remove any sulfur contaminate on which 

might interfere with the titration findings. Then the flask was removed from the hot 

plate and cooled to room temperature. 100 ml of 0.1 N iodine solution was pipetted 

into each flask. The solutions were shaken vigorously for 1 min and each mixture was 

filtered quickly. Then, 50 ml of each filtrate was collected to clean conical flask for 

the titration. Each filtrate was titrated with 0.1 N sodium thiosulfate solution until the 

solution was pale yellow. The 2 ml of freshly prepared starch indicator was added, and 

titration was resumed with sodium thiosulfate until convert to a colorless. Finally, the 

volumes of sodium thiosulfate consumed for the titration were noted.  

Mass of I2 added for the absorbance (A) was calculated by following equation. Where, 

NI is the normality of the iodine solution (0.1 mol/L) and VI is the volume of the iodine 

used (ml). 

𝐴 =
𝑁𝐼×𝑉𝐼×126.93×1000 

1000
 mg      (13) 

𝑨 = 𝑵𝑰 × 𝑽𝑰 × 𝟏𝟐𝟔 

Mass of I2 remained in the titrated volume (B) was calculated as follows.  

Na2S2O3 moles consumed for the titration =
𝑁𝑆×𝑉𝑠

1000
  (14) 

I2 moles remained in the titrated volume=
𝑁𝑠×𝑉𝑠 

1000
×

1

2
  (15) 
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𝐵 =
𝑁𝑠×𝑉𝑠

1000
×

1

2
× 126.93 × 2 × 1000 mg  (16) 

Where, NS is the normality of the Na2S2O3 solution (0.1 mol/L) and Vs is the volume 

of Na2S2O3
 consumed for the titration (ml). 

 𝑩 = 𝑵𝒔 × 𝑽𝒔 × 𝟏𝟐𝟔. 𝟗𝟑  

Then, the mass of I2 remained in the filtrate was calculated. 

Total contacted volume=𝑉𝐻 + 𝑉𝐼 

Therefore, Total mass of I2 remained in the filtrate= 
(𝑉𝐻+𝑉𝐼)×𝐵

𝑉𝐹
 mg   (18) 

Let, 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝐷𝐹) =
𝑉𝐻+𝑉𝐼

𝑉𝐹
  (19) 

The mass of I2 remained in the filtrate=𝑫𝑭 × 𝑩  (20) 

Where, VH is the volume of HCl used (ml), VF is the volume of filtrate used for the 

titration (ml) and DF is the dilution factor. 

Mass of iodine absorbed. 

Mass of iodine absorbed=Mass of I2 added for the absorbance – Mass of I2 remained 

in the filtrate 

Mass of iodine absorbed=𝐴 − 𝐷𝐹 × 𝐵  (21) 

Iodine absorbed per gram of activated GO=
𝑨−(𝑫𝑭×𝑩)

𝑴
  (22) 

Where, M is the mass of activated GO used (g)  

Finally, I2 concentration of the filtrate (C) was found using below equation and the IN 

was found by Fitting the plot of C vs Mass of iodine absorbed per gram of AGO.  

C=NIS/F  

The iodine molecule is relatively smaller (area of 0.4 nm2) than methylene blue 

molecule, therefore it can enter into the smaller micropores. According to the Table V, 

the adsorption behavior of iodine molecule for the activatied samples is similer to the 

MB adsorption pattern. It furter proves the suitability of iodine to measure the surface 
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area of porous materials.  Sample of AGO(800)-4-60 which was used to verify the 

SSA by used BET in a subsequent stage had IN of 548.03 mg/g. 

Table V: Calculated Iodine Numbers 

Sample 

IN 

(mg/g) 

  

Sample 

IN 

(mg/g) 

AGO(800)-1-60 128.12 AGO(700)-1-60 110.16 

AGO(800)-2-60 369.23 AGO(700)-2-60 112.32 

AGO(800)-3-60 525.71 AGO(700)-3-60 115.36 

AGO(800)-4-60 548.03 AGO(700)-4-60 120.87 

AGO(800)-5-60 310.19 AGO(700)-5-60 98.12 

 

4.1.4. Specific Surface area calculation 

Cleiton A. and his coworkers have developed two models to calculate the surface area 

and pore volume and these models have been validated using BET results and literature 

(Eqn.33 and Eqn.34). Therefore, these two models are used to predict the surface area 

of the AGO samples. 

Sm2g−1 = 2.28 × 102 − 1.01 × 10−1MBN + 3.00 × 10−1IN + 1.05 × 10−4MBN2 +

2.00 × 10−4IN2 + 9.38 × 10−4MBN × IN                                                       (33)   

[120] 

 

𝑉𝑚(𝑐𝑚3𝑔−1) = 5.60 × 10−2 − 1.00 × 10−3𝑀𝐵𝑁 + 1.55 × 10−4𝐼𝑁 + 7.00 ×
10−6𝑀𝐵𝑁2 + 1.00 × 10−7𝐼𝑁2 − 1.18 × 10−7𝑀𝐵𝑁 𝐼𝑁                                       (34) 

[120] 

 

Table VI illustrates the MBN, IN and calculated SSA values for the activated samples. 

MBN, IN and SSA values have a similar pattern for the respective samples. It indicates 

that these dye adsorption results are proportional to the SSA values.  
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Table VI: Calculated MBN, IN, And SSA 

Sample MBN IN SSA 

  

Sample MBN IN SSA 

AGO(800)-1-60 80.63 128.12 271.89 AGO(700)-1-60 94.73 110.16 264.57 

AGO(800)-2-60 109.86 369.23 394.13 AGO(700)-2-60 101.63 112.32 265.61 

AGO(800)-3-60 545.86 525.71 685.59 AGO(700)-3-60 123.25 115.36 267.59 

AGO(800)-4-60 655.21 548.03 768.15 AGO(700)-4-60 140.22 120.87 270.57 

AGO(800)-5-60 179.84 310.19 377.75 AGO(700)-5-60 101.61 98.12 259.49 

  

Brunauer–Emmett–Teller (BET) is an accurate method to determine surface area and 

other surface properties such as types of pores and total pore volume. BET analysis 

was used in this study to verify the SSA which was calculated by dye adsorption. BET 

explains the physical adsorption of gas molecules on a solid surface, and it is 

considered an important analysis technique in the specific surface area measurement. 

Among six types of BET isotherm types, AGO(800)-4-60 shows type I (Figure 18), 

which illustrates a microporous (< 2 nm) structure of the material. Multipoint BET 

analysis was done to calculate SSA, resulting a SSA of 749.78 m2/g.  

SSA calculated from MBN and IN for the identical activated sample was 768.15 m2/g. 

This value is verified from the BET analysis, which resulted in a SSA value of 749.78 

m2/g.  Figure 19 illustrates the pore size distribution, obtained by BET analysis. The 

average pore size is 1.97 nm.  

 

Figure 18: Nitrogen adsorption-desorption isotherm of AGO(800)-4-60 
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Calculation of SSA 

𝟏

𝑾[
𝑷𝟎

𝑷 − 𝟏]
=

𝑪 − 𝟏

𝑾𝒎𝑪
[

𝑷

𝑷𝟎
] +

𝟏

𝑾𝒎𝑪
           (35) 

W- Weight of gas adsorbed 

P/P0- Relative Pressure 

Wm- Weight of adsorbate as a monolayer 

C-BET constant 

 

Slope: 4.637 

Intercept: 0.0095 

Wm: 0.215197 

C(BET) :489.1474 

 

 𝑺𝒖𝒓𝒇𝒂𝒄𝒆 𝒂𝒓𝒆𝒂 =
𝑾𝒎 × 𝑵 × 𝑨𝒄𝒔

𝑴
       (36) 

N: Avogadro’s number (6.022 X 1023) 

M: Molecular weight of adsorbate 

Acs: Adsorbate cross sectional area (16.2Å for N2) 

Surface area: 749.78 m2/g 

Calculation of average pore size 

Total pore volume: 0.3689 cc/g (given) 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑜𝑟𝑒 𝑠𝑖𝑧𝑒 =
4 × 𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒  

𝑆𝑆𝐴(𝐵𝐸𝑇)
        (37) 

Average pore size =   1.97 nm 
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Figure 19:  Pore size distribution plot. 

 

The experiment was conducted to investigate the capability of using the MB adsorption 

in surface area measurement of AGO. The 2nd order kinetic model was the most 

favorable kinetic model to describe the MB adsorption onto the AGO surface. And the 

Langmuir isotherm was found as the best adsorption isotherm among the various 

adsorption isotherms, which explains this adsorption mechanism clearly. Therefore, 

having clear understanding of the unique adsorption kinetics of MB dye onto AGO, 

the surface area calculation can be accurately done. Hence, MBN and IN for selected 

sample of AGO(800)-4-60 was 655.21 mg/g and 548.03 mg/g. The calculated SSA 

was 768.15 m2/g and it was almost identical with the value obtained by BET analysis 

(749.78 m2/g).  
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4.2. Preparation and optimization of porous graphene 

The target porous material that synthesized in this research is KOH activated GO from 

Sri Lankan vein graphite. According to the literature review, the modified hummers 

method is one of the most suitable methods for GO synthesis, particularly in mass scale. 

Hummer’s method promotes to synthesis of more hydrophilic carbon material with 

higher conductivity and higher yield [134]. Most importantly, the synthesis process 

doesn’t emit any toxic gases [135]. Hence, modified hummers method was followed 

to synthesize GO from graphite, and then KOH activation was followed to chemically 

reduce the synthesized GO. The objective of this research is to the preparation of a 

porous material with ultra-high surface area to replace the existing EDLC electrodes 

to enhance its performance. Therefore, activation process optimization was done based 

on the surface area measurements which were taken by dye adsorption methods. This 

section describes the characterization of graphite, graphene oxide, activated graphene 

oxide and optimization of the activation process.  

4.2.1.  Basic characteristics of graphite 

The properties of the parent graphite vary the characteristics of the GO such as its 

functionalization, microstructure and optimum synthesis process parameters [135]. 

Specially, the crystallinity of the graphite changes the resulted GO sheet size. Hence, 

Smaller GO sheets with the carboxylic groups, attached at the edges of each sheet can 

be synthesized from the graphite which have the crystal boundaries with smaller 

crystallites. However, GO with largely attached epoxy groups can be obtained from 

the graphite with larger [135]. Sri Lankan vein graphite has high crystallinity and high 

purity [136]. Therefore, Sri Lankan vein graphite from Bogala graphite mine was used 

as the carbon precursor for this study. XRD pattern of graphite powder reveals one 

well-resolved scattering peak (Figure 21) appears at two theta of 26.47 degree and it 

represents the interlayer distance of 3.36 Å at (002) plane.  SEM images of Figure 22 

and  Figure 23 show that the graphite powder as thick sheet-like structure. And 

according to Figure 24 the ranges of the graphite surface area and its diameter is 250-

500 µm2 10-20 µm respectively. These indices that graphite powder particles are in 

the micrometer range, which provides high contact surface area in the synthesis of GO 

with a better yield. FTIR spectra analysis was presented to investigate the functional 

groups of the graphite, as shown in Figure 20. The graphite showed apparent 
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adsorption bands for aromatic C=C (1520 cm-1), alkene C=C (1630 cm-1), and hydroxy 

–OH (3247 cm-1) groups. 

 

                                  Figure 20: FTIR spectrum of graphite 

 

                                  Figure 21: XRD spectrum of graphite 
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                 Figure 22:SEM image of graphite powder 

 

Figure 23: SEM image of the graphite powder particle surface 
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(a)  

(b)  

 

Figure 24:(a) analysis for the length of graphite powder particles. (b) Analysis of the 

area of the graphite powder particles.  

 

4.2.2.  GO characterization. 

 

As shown in Figure 24, the XRD peak of graphite was shifted from 26.48° to 8.718° 

when it converts to GO. And this results are same as reported in previous studies 
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layers. Hence, the shift of the XRD peak to a lower angle indicates an increase in d- 
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graphite is oxidized into GO, creating wrinkled defects. These defects have increased 

the interlayer space from 3.36 Å in graphite powder to 10.14 Å in GO powder. This 

confirms that the chemical exfoliation has successfully achieved  [66,131].  

Figure 27 shows the SEM image of graphene oxide (GO) synthesized by modified 

hummers method. A clear difference can be observed from the SEM images of graphite 

(Figure 22) and GO (Figure 26), which indicates the proper exfoliation of graphene 

sheets.  

Figure 26 shows the FTIR spectrum of graphite and GO. Significant change of the 

number of various functional groups after the GO synthesis can be observed directly 

in the Figure 25. And the FTIR spectrum for GO shows peaks corresponding to the 

functional groups of hydroxyl (3247 cm-1), C=C aromatic (1520 cm-1 ) and C=C alkene 

(1630cm-1) [86], [140]. The presence of aromatic C=C groups shows that even graphite 

had been oxidized into GO; the main structure of graphite is still retained. 

MB absorbance was performed to compare the surface area enhancement after the 

graphite exfoliation into GO. For this, same weights of graphite powder and GO was 

contacted with same volumes of identical MB solution and the absorbance of each 

filtrate were measured after 24 hours. Depending on the porosity, MB molecule can 

be adsorbed into each material and the filtrate turbidity was used to make a 

measurement of surface area. Figure 27 shows the color difference of the standard MB 

solutions after interacting with the same weight of graphite powder and GO for 24 

hours. Filtrate absorbance reduction of 0.091 was observed for graphite compared to 

initial MB solution absorbance and that reading for GO was 3.101. Therefore about 

34.08% surface area enhancement can be expected after the GO synthesis. This is 

strong evidence for greater exfoliation of graphene sheets during the modified 

hummers method. 
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Figure 24:XRD Spectrum of GO 

 

 

Figure 25:FTIR spectrum of GO 
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Figure 26: SEM image of GO 

Figure 27: MB absorption performance for graphite (left) and GO (right) 
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4.2.3.  Activation 

KOH activation was selected as the one of the promising methods to improve the 

surface area of GO. Therefore, activation process was done for various samples by 

varying activation temperature, KOH/GO mass ratio and activation time duration. It 

was aimed to optimize the most critical activation parameters, to optimize the specific 

surface area.   

5.2.3.1. Activation process finetuning 

Despite the major experimental parameters related to the KOH activation, some minor 

observations were done on several factors which have minor effects on activation 

process. Even though the effects are not significant, several troubleshooting steps have 

been taken to improve the activation process. This led to the identification of certain 

parameters which are not well-studies, however, one need to consider these parameters 

to carry out a successful activation process.  

Effect of the crucible material 

The tube furnace is the main equipment that is used for the KOH activation. Tube and 

the crucibles are made from alumina (Al2O3), which is a material with low heat 

conductivity and high temperature stability. Figure 28 shows; the EDAX spectrum  of 

AGO samples in the first few trials, which showed an unexpected high amount of 

aluminum (Al). ). This clearly showed that the AGO has been contaminated with Al, 

and it was important to find the root cause of contamination. To investigate this, the 

precursor materials (graphite and GO) was tested for their purity, however, no Al 

content is detected in these precursors. Then, the possibility of contamination from 

crucible material (Al2O3) was investigated.  

KOH activation occurs in high temperature above 700℃ in liquid and vapor state 

reaction. Even though alumina is less chemical reactive, a chemical reaction between 

Al and base (KOH) is possible at extreme temperatures [139].  

Therefore, to avoid this issue it was needed to change the crucible material. stainless 

steel crucible was replaced considering the practical situation and availability. As 

confirmed by EDAX spectrum in Figure 29, there was not any contaminant of Al when 

crucible replaced from stainless steel.  
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Figure 28:EDAX of activated graphene oxide when alumina was used as the crucible 

material  

 

 

Figure 29: EDAX of AGO when stainless steel was used as the crucible material 

 

Considerable variation of outlet gas flow rate at certain temperatures 

Tube furnace gas is exhausted via bubbling into a water bath to measure and control 

the outlet gas flow rate. The air bubbling rate was noticeably increased at certain 

temperatures which indicated that some volatile components are emitted due to 

chemical reactions occurring inside. During the experiment, considerable increase of 

exhaust gas flow rate was noted at about 300℃ and this can be attributed to emission 
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of CO2 and CO as verified by TGA results in Figure 30. Significant rate of mass 

reduction in TGA curve and remarkable peak upto 350 ℃ in DSC curve verify the 

formation of gas phase components. This mechanism is discussed in section 2.4.6. 

Therefore, the observation of exhaust gas flow rate change is helpful confirm that the 

reactions take place in order. Specially, such observations are helpful to verify the 

process in industrial setting.  

 

 

Figure 30: TGA analysis for GO and KOH mixture 

Different properties of activated sample by oven drying and freeze drying 

Though oven drying of the final suspension from the modified Hummer’s method is 

recommended, physical and chemical properties are not maintained equally to freeze 

drying does [140]. As Figure 31, the representative physical state of the activated GO 

is brown color powder, but it is black lumps from the oven drying. Oven dried GO is 

not totally soluble in alcohol while freeze dried GO easily dissolves in alcohol. Freeze 

drying is a low temperature process, and the drying is occurred at low temperatures 
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which restrict the degradation of heat-sensitive products. Therefore, freeze drying is 

the best method to drying process.  

 

             Figure 31:GO samples (a) After oven drying (b) After freeze drying 

  

Effect of the washing duration of activated sample 

Effective removal of remaining potassium containing compounds and intercalated 

metallic K is very important for the porosity development of the GO lattice. Though 

some literature reported the washing of GO with HCl twice, and twice in distilled water 

is sufficient, practically this amount of washing is not sufficient for the proper removal 

of the K compounds. If K compounds are not washed properly, the specific surface 

area of final product may be decreased. Figure 32 shows a EDAX analysis of 

insufficiently washed AGO sample. It appears a large amount of remained K 

compound. Total removal of these elements happens by washing twice with HCl and 

long duration washing with distilled water until the pH of the filtrate become neutral. 

This phenomenon can be validated by EDAX characterization (Figure 33). 
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Figure 32: EDAX characterization of activated GO before adequate washing 

 

Figure 33:EDAX characterization of activated GO after washing until the filtrate 

become neutral pH 

5.2.3.2. Characteristics of AGO 

Many previous researchers have used KOH activation successfully to synthesize 

porous carbon [87, 90, 132, 133]. Therefore, chemical/heat reduction following KOH 

activation was used to increase the porosity of the synthesized GO. As shown in SEM 

micrograph in Figure 34, AGO surface includes crushed thin sheets with notable pores.  

The FTIR spectrums for GO and AGO are shown in Figure 35. According to the 

spectrum, most oxygen containing functional groups observable in GO are absent in 

the AGO sample. This is expected, as the reduction of oxygen containing functional 

groups takes place with the chemical activation process. For AGO, the peak at 3247 

cm-1 decreased compared with GO providing evidence for hydroxy group removal. 



78 

 

The second most important functional group reduction is C=C aromatic and C=C 

alkene groups which are located between 1520 cm-1 -1630cm-1 [82 ,137]. This indicates 

the significant removal of C atoms from the graphene oxide lattice by intercalation of 

the metallic K during the KOH activation process. This is the reason for the reduction 

of C=C functional groups after the activation process. This observation is verified with 

the comparison of SEM micrographs which indicates pores on the GO surface after 

the activation. The reason for the formation of pores after the KOH activation is the 

removal of C atoms by the intermediate reactions of the KOH activation process.  

Figure 36 shows the graphite, GO, and AGO capabilities to adsorb MB which indicates 

their surface areas. Two samples of GO and AGO were used to test the MB adsorption 

capability. As the result, the surface area has been increased by 8.8% in the KOH 

activation.   

Specific surface area was measured following dye adsorption (MBN and IN) isotherms 

and it was validated by using BET analysis with the optimum sample (AGO(800)-4-

60)having the specific surface area at 749.78 m2/g.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 34:SEM image of AGO 
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Figure 36: MB adsorption performance of graphite (left), GO (middle) and AGO (right) 
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Figure 35:FTIR spectrum for GO and AGO 
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5.2.3.3. Influence of KOH activation parameters 

Some researchers have reported preparation of activated carbon with a high specific 

surface area from various carbon sources using KOH as an activation agent [83, 85, 

86, 90, 91, 132, 134]. Previous studies have commonly used 800℃ as the activation 

temperature. However, the activation temperature has not been optimized in earlier 

studies. Generally, the activation temperature belove 600℃ is not suitable as it doesn’t 

supply sufficient energy to the KOH activation process as explained in section 2.4.6 

Hence, 700℃ and 800℃ were chosen as the experimental activation temperatures to 

find the greatest activation temperature among those temperatures for the GO which 

was synthesized from the Sri Lankan graphite. Sample titles were given as illustrates 

in Table VII: Sample names. The activation time durations were 50 min, 60 min, 70 

min, and 90 min. And KOH/GO mass ratio was varied from 1 to 5 respectively as the 

commonly followed KOH/C ratio at 4.  

Table VII: Sample names 

AGO(700)-1-50 AGO(700)-2-50 AGO(700)-3-50 AGO(700)-4-50 AGO(700)-5-50 

AGO(700)-1-60 AGO(700)-2-60 AGO(700)-3-60 AGO(700)-4-60 AGO(700)-5-60 

AGO(700)-1-70 AGO(700)-2-70 AGO(700)-3-70 AGO(700)-4-70 AGO(700)-5-70 

AGO(700)-1-90 AGO(700)-2-90 AGO(700)-3-90 AGO(700)-4-90 AGO(700)-5-90 

AGO(800)-1-50 AGO(800)-2-50 AGO(800)-3-50 AGO(800)-4-50 AGO(800)-5-50 

AGO(800)-1-60 AGO(800)-2-60 AGO(800)-3-60 AGO(800)-4-60 AGO(800)-5-60 

AGO(800)-1-70 AGO(800)-2-70 AGO(800)-3-70 AGO(800)-4-70 AGO(800)-5-70 

AGO(800)-1-90 AGO(800)-2-90 AGO(800)-3-90 AGO(800)-4-90 AGO(800)-5-90 

 

After allowing above samples to adsorb methylene blue samples which are is same 

concentration and volume, the spectrophotometry readings of the filtrates were taken, 

and these values were converted to the milligrams of MB adsorbed by 1 gram of GO 

at the equilibrium state (qeq) from the calibration curve. High absorbance values of the 

filtrate indicate poor adsorption of MB onto the AGO surface. Therefore, the filtrate 

absorbance is inversely related to qeq values. In the following discussion, the effect of 

the three critical activation parameters (activation temperature, KOH/GO mass ratio, 

activation time) is discussed, with respect to qeq values. 
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Effect of the activation time 

Figure 37 illustrates the qeq values of each filtrate from the reaction between MB and 

AGOs for 24 hours when the activation temperature at 800 0C. The absorbance of each 

filtrate was measured at 664 nm. When any AGO sample has a comparatively higher 

surface area, it can adsorb a higher amount of MB from the solution. Therefore, the 

filtrate has a low amount of methylene blue. Then it shows low absorbance than others. 

Hence, high surface area samples imply lower absorbance values for the filtrate.  

According to Figure 37, the variation of the qeq values (relevant to surface area) with 

the activation times are different. Though it is expected to have an increasing trend of 

surface area with the activation time, at 60 min implies a high value from the regular 

pattern at other temperatures for each KOH/C mass ratio. If the curve being parallel to 

the activation time axis after 60 min, it may prove the activation reaction is terminated 

because KOH was consumed. However, while the greater porosity at the activation 

time of 60 min, and it decreases with further increasing the activation time. The 

possible reason is that when the porosity reaches its maximum at the activation time 

of 60 min, the KOH is not fully consumed yet. Further increasing the activation time 

generates additional activation and some micropore structures may get destroyed 

which leads to a decrease in the specific surface area. A slight increase of qeq values 

for 90 min is observed. But it is not higher than the qeq values at 60 min.  This is more 

likely to be the removal of volatile matter and mostly due to the severity of carbon 

burn-off with the increase in holding time [126]. Then it allows creating new pores at 

these freshly cleared spots with exposure to the heat for a long duration.  
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                             Figure 37: qeq(mg/g) vs activation time (activation at 800℃) 

Effect of KOH/GO mass ratio 

Figure 38(a) illustrates the effect of the KOH/GO mass ratio on the porosity at different 

activation times at 800℃. The qeq values are increased with the increase of the 

KOH/GO mass ratio until 4, and then it becomes a saturated level. This pattern is same 

for the activation time at 700℃ as Figure 39. Therefore, it indicates that the porosity 

is increased with the rise of the KOH contribution for the activation process until the 

mass ratio at 4 and hereafter the remaining KOH is not used significantly. This trend 

is common for all activation time durations. However, it is not suitable to suggest the 

highest KOH/GO ratio as the optimum activation condition to achieve a higher surface 

area. Hence, qeq value growth rate with the KOH/GO mass ratio observation is 

essential to suggest the optimum KOH/GO mass ratio. Figure 38(b) shows the growth 

of qeq value at 60 min activation time for different KOH/GO mass ratios. A Higher 

increment of the qeq indicates a higher increase of the porosity. Therefore, a higher 

increase of the porosity can be observed at the KOH/GO mass ratio of 3. The increase 

rate of the porosity is lessened after the KOH/GO mass ratio of 3 and it is negligible 

at 5. Therefore, a further increase of the KOH mass doesn’t have a significant impact 

on the porosity growth after the KOH/GO mass ratio at 4. The possible reason is that, 
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though more C atoms are replaced by metallic K atoms during the activation process, 

at higher KOH/GO mass ratios some micropores are enlarged to mesopores, which 

lead to decrease the surface area than expected [9].  

Effect of activation temperature 

Some research groups [143] have reported the optimum temperature for the KOH 

activation as 800℃. However, it was observed that the activation happens beyond 

700℃. Therefore, 700℃ and 800℃ were selected as the activation temperatures in 

this research compare the effect of activation temperature on the pores tailoring. 

Increasing activation temperature gradually increases the reaction rate of KOH and 

GO. As a result, the amount of carbon replacement by metallic K is increased. 

Simultaneously, there are as such losses in form of carbon burn-off and detach of 

volatiles at higher temperatures [126]. Therefore, the devolatilization process further 

develops the random pore structure in the GO surface, whereas the KOH and carbon 

reaction enhances the existing pores and creates new pores. It is expected, as the 

increasing temperature will produce increasing the surface area.  

Figure 40 reveals the effect of activation temperature on the Qmax. Increasing the 

activation temperature from 700℃ to 800℃ progressively increases the Qmax denotes 

the increment of surface area. Therefore, a further rise of temperature from 700℃ to 

800℃, surface area increases due to having more energy for the activation.  
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Figure 38:(a) qeq(mg/g) mass of absorbed methylene blue of KOH activated GO 

samples Vs KOH/GO mass ratio at 800 oC , (b) Rise of qeq vs KOH/GO mass ratio 

(activation temperature at 800 oC for 60 min) 
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(a)  

(b)  

 

Figure 39:Adsorption capacity (Qmax) of AGO samples (a)Activated at 700℃, 

(b)Activated at 800℃ 
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Figure 40: Adsorption capacity (Qmax) of AGO samples at the activation temperatures 

of 700℃ and 800℃ 

 

5.2.3.4. Summary 

Highly porous graphene was prepared using modified hummers method, followed by 

KOH activation. In this research, experiments were followed to optimize the critical 

process parameters of KOH activation process, to optimize the surface area of 

graphene. Activation time and KOH/GO mass ratio were identified as the critical 

activation parameters. Therefore, influence of the KOH/GO mass ratio and activation 

time on the surface area was studied. Methylene blue adsorption was selected to 

analyze the specific surface area of the prepared materials. In this study, activation 

time at 60 min and KOH/GO mass ratio at 4 were identified as the optimum activation 

parameters for high surface area. In addition, obtained optimum activated sample 

confirmed a high specific surface area (749.78 m2 /g) comparative to previous studies. 

This study has provided an insight of KOH activation process, and its effect on the 

surface area of activated graphene. The outcome of this study is beneficial to produce 

high capacitance electrode materials for electrochemical double layer capacitors. 
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5. CONCLUSION 

Highly porous graphene was prepared using modified hummers method, followed by 

KOH activation. In this study, experiments were carried out to optimize the critical 

process parameters of KOH activation process, by synthesizing of high surface area 

graphene. Activation time, KOH/GO mass ratio, and activation temperature were 

identified as the critical activation parameters. Influence of the critical activation 

parameters on the surface area was studied. Relationship between methylene blue 

adsorption and the surface area of the activated graphene oxide was elucidated. 

Kinetics of methylene blue adsorption for the activated samples were studied and the 

analysis was based on the Langmuir isotherm model.  

In this study, activation time was varied from 50 min to 90 min and an activation time 

of 60 min was identified as the optimum time for high surface area. Further increase 

of the activation time results in decrease in the specific surface area, as the micropore 

structure is destroyed. KOH/GO mass ratio was varied from 1 to 5 and this ratio at 4 

was identified as the optimum KOH/GO mass ratio. Although, 800℃ was identified 

as the best activation temperature.  

Capability of the dye adsorption for the surface area measurement was studied. 

Methylene blue and iodine was used to analyze the surface area of the activated 

samples. Strongly validated and published mathematical model was used to calculate 

the specific surface area by methylene blue number and iodine number. According to 

the model, optimum sample (AGO(800)-4-60) showed SSA of 768.15 m2/g and this 

value was verified by BET analysis (749.78 m2/g).  The obtained optimum activated 

sample confirmed a high specific surface area, comparative to previous studies. 

Among the available publications which attempted to enhance the surface area of Sri 

Lankan graphite, these results show a high potential to prepare highly porous graphene.  

Nevertheless, no comprehensive studies have been conducted to chemically activate 

the graphene oxide from high purity Sri Lankan graphite as well as the analyze the 

effect of all three critical activation process parameters on the surface area by 

adsorption isotherms. This study extends the possibility to successfully apply the 

optimized activated sample in organic and aqueous electrolytes and it will facilitate 

the fabrication of high capacitance EDLC electrodes.  
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