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CHAPTER I 

INTRODUCTION 

 

1.1 Background and significance of the study 

 Global warming and climate change mainly caused by the usage of fossil fuels, 

which is associated with CO2 emission, have greatly affected our world economy and 

ecology. This has brought our attention to alternating energy sources which are 

sustainable and environmentally friendly, such as wind, solar and wave energies. 

However, these renewable energy sources still have the main limitation of the reliability 

of supply. For example, the solar energy cannot be harvested all day and all night, or 

wind turbine can work in windy ambient (Winter and Brodd, 2005). Efficient energy 

storage systems are therefore required for ustilzation of these energies. Supercapacitors 

(SCs) are electrical energy storage devices which can store and deliver energy at 

relatively higher rates as compared to batteries and exhibit some superior properties, such 

as, fast discharge/charge, high power density with acceptably high energy densities (> 10 

Wh kg-1), excellent reversibility and cyclability (more than 100 times that of batteries). 

The estimated energy and power density of supercapacitors in comparison with 

commercially available capacitors, and batteries are shown in Figure 1.1. SCs are also 

low-cost, stable in long-term operation and easy for appling to electronic devices 

(Compton and Nguyen, 2010) (Miller and Simon, 2008) (Pan, Li, and Feng, 2010) 

(Dyatkin et al., 2013) (L. L. Zhang and Zhao, 2009) (Brian Evans Conway, 1991)  
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(Du and Pan, 2006) (Guerrero, Romero, Barrero, Milanés, and Gonzalez, 2009) (Shao et 

al., 2018).  

 

 

Figure 1.1 Estimated energy and power density of SCs compared with conventional 

capacitors and commercially available batteries.   

 

 Owning to their superior properties, SCs are promising candidate for future electrical 

energy storage devices. They have been proposed and already used in many applications, 

such as, portable electronic devices, computer memory backup systems, low-emission 

hybrid electric vehicles, crane, emergency door on airplane and other applications which 

require high power density or fast discharge process as shown in Figure 1.2. 

 



3 

 

Figure 1.2 Photographs of commercial supercapacitors and their proposed applications.  

 

 Gnerally, SCs can be categorized into 3 types depending on their charge storage 

mechanisms. These are electrostatic double layers capacitors (EDLCs), pseudocapacitors 

and hybrid capacitors. The EDLCs physically store charges via reversible ion adsorption 

at the electrode/electrolyte interface, while the pseudocapacitors rely on a redox reaction 

that appears in surface and near surface of electrode. The hybrid capacitors utilize both 

EDLC and pseudocapacitor charge storage mechanisms. This thesis focuses only on the 

EDLCs. The EDLCs typically consist of three main components which are electrolyte, 

separator and electrode as shown in Figure 1.3. It is sometimes called symmetric 

supercapacitor since both electrodes are ussually made of the same material. It is 

mentioned here that the EDLC can also exhibit the pseudocapacitive behivior depending 

on the electrode materials. 
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Figure 1.3 Schematic representation of EDLC or symmetric supercapacitor. 

 

An electrode material is the most important component of a supercapacitor. The 

power and energy-storage capabilities rely on the physical and chemical characteristics of 

the electrode material. Carbon-based materials has been typically used as electrode 

materials for EDLCs due to their abundance and low price, high surface area, high 

electrical conductivity, good wettability towards the electrolyte and electrochemically 

stable (Zhang and Zhao, 2009). Ativated carbons (ACs) are the most widely used 

electrode materials today, while cabon nanotubes (CNTs) are of particular interest as they 

have a unique tubular porous structure and superior electrical properties, which favor fast 

ion and electron transportation (Chem. Soc. Rev., 2009, 38, 2520–2531). More recently, 

graphene, a new two-dimensional carbon nanostructure, has drawn a lot of attention as it 

possess a large specific surface area and exceptionally high electronic properties. 
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 Graphene oxide (GO), formerly call graphitic oxide, is a single layer of graphite with 

various oxygen containing functionalities, such as, epoxide, carbonyl, carboxyl, and 

hydroxyl groups. It is an intermediate material during graphene synthesis by the method 

of oxidation-exfoliation- reduction of graphite powder ((B. Xu et al., 2011). This material 

has many interesting properties, such as, highly flexible layered structure (Marco et al., 

2017) very high the specific surface area (SSA) and easily tunable porous structure 

(Srinivas et al., 2012). It is theoretically predicted that the SSA of GO is as high as 2600 

m2 g–1 , although, the experimentally measured SSA of lower than 1000 m2 g–1 have been 

reported (Vivekchand et al.,2008) (D. Zhou and Han, 2010) (Srinivas, Burress, Ford, and 

Yildirim, 2011) (Montes-Navajas et al., 2013). Moreover, GO can be cost-effectively 

produced in a large scale using inexpensive graphite as a raw material. These properties 

have brough our attention to GO as a promising material for supercapacitor electrode. 

However, it is its low conductivity of lower than 10-3 S cm-1 (Gomez-Navarro et al., 

2007) which limit its performance as an electrode material. This is a result of a large 

amount of sp3 hybridized carbon atoms bonded with the oxygen containing groups 

present in its structure (B. Zhao et al., 2012) (Robinson, Perkins, Snow, Wei, and 

Sheehan, 2008) (Strong et al., 2012). 

 In this thesis, I have proposed two steps to enhance the electrochemical properties of 

GO for use as supercapacitorelectrode material as schematically illustrated in Figure 1.4. 

In the first step, the intrinsic properties of GO were improved by reducing and doping 

with nitrogen. This was simply done by using a hydrothermal technique. Urea was used 

as nitrogen source. The supercapacitor coin cells using the prepared nitrogen doped 

reduced graphene oxide (N-rGO) as an electrode were assembled their electrochimcal 

properties were also evaluated. The specific capacitance as high as 145 F g-1 was 
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achieved for the prepared N-rGO with urea content of 40% (w/v). Advanced surface 

science characterization techniques, such as, Raman spectroscopy, Fourier-transform 

infrared (FT-IR), X-ray photoelectron spectroscopy (XPS) indicated the successful of 

reduction and in corperation of N into GO structure, therefore, enhancing the electrical 

conductivity and wettability. The presences of the nitrogen functionalities also provide an 

additional pseudocapacitance.  

In the second step, the surface of the N-rGO electrode was treated with violet light 

laser (VLT) with a wavelength of 405 nm. This was done by our in-house laser scribing 

machine which is adapted from a commercial 3D printer. After the irradiation, the 

specific capacitance was enhanced up to 214 F g-1 for the prepared N-rGO with urea 

content of 40% (w/v), approximately 48% as compared with the untreated electrode. 

Moreover, it could maintain the capacitive retention of more than 94% after 10,000 

cycles of charge/discharge. This is because the decrease in oxygen-containing functional 

groups such epoxy group and hydroxyl group, re-establishing C=C sp2 structure, and the 

exfoliation of surface that increases the porosity and specific surface area of the 

electrode.  
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Figure 1.4 Flow chart of the study. 

 

1.2 Objectives and structure of this thesis 

 The objectives of this thesis are as follows: 

- To enhance the electrochemical properties of GO for application as supercapacitor 

electrode material. 

- To study the electrochemical and surface properties of N-rGO. 

- To study the effect of violet laser treatment on the electrochemical and surface 

properties of N- rGO.  

This thesis is structured as follows. The first chapter, Chapter I, provides the 

background and significance of the study. The objective, scope and limitation of the 

thesis are also given. Chapter II gives some basics of supercapacitors and reviews the 
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research related to this thesis. Chapter III explains the experiment and techniques used in 

this thesis. Chapter IV presents the experimental results and discussion focusing on the 

electrochemical properties and characterizations of GO, rGO, N-doped rGO amd VLT N-

doped rGO. In the final chapter, Chapter V, the conclusions are given. An appendix 

including my presentation experience in energy storage research field is also presented in 

the end of this thesis. 

 

1.3 Scope and limitations 

- GO was reduced and doped with nitrogen by using urea as nirtrogen source. 

- The surface of the prepared electrode materials was treated with violet laser by 

laser scribing technique. 

- The prepared electrode materials were characterized by X-ray diffraction (XRD), 

scanning electron microscope (SEM), Raman spectroscopy, Fourier-transform 

infrared (FT-IR), X-ray photoelectron spectroscopy (XPS), and contact angle 

masurement techniques. 

- The electrochemical properties were evaluated by using electrochemical 

impedance spectroscopy (EIS), cyclic voltammetry (CV) and galvanostatic 

charge/discharge (GCD) and self-discharge or leakage current masurement 

techniques. 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1 Supercapacitors (SCs) 

Supercapacitors (SCs) also known as electrochemical capacitors, ultracapacitors, or 

hybrid capacitors are electrical energy storage devices which have very high capacity and 

low internal resistance. They can be divided into three types based on their charge storage 

mechanisms, which are electrostatic double layer capacitance (EDLC), pseudocapacitor 

and hybrid capacitor.  

 2.1.1 Electrostatic double layer capacitors (EDLCs) 

  The electrostatic double layer capacitors (EDLCs) physically store charges via 

reversible ion adsorption at the interface between a high-surface area of electrode and 

electrolyte as shown in Figure 2.1 (Zhang and Zhao, 2009; Winter and Brodd, 2004; 

Burke, 2000; Trasatti and Kurzweil, 1994). No electrochemical reaction is involved in the 

electrode material during the charging and discharging processes. This charge storage 

mechanism allows very fast energy uptake and delivery. It is also very stable during 

millions of charge/discharge cycles. The capacitance of EDLC is strongly dependent on 

the surface area of the electrode materials that is accessible to the electrolyte ions.  
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Figure 2.1 Schematic of charge-storage mechanism for EDLC (Shao et al., 2018).  

 

  The capacitance of EDLC can be considered as that of a parallel-plate capacitor 

which can be explained by equation 2.1.  

      (2.1) 

  where C is the electrostatic double layer capacitance (F or farad), r is the 

dielectric permittivity of sample materials (F m-1), 0 is the permittivity of free space 

equal 8.854 x 10-12 (F m-1), A is the surface area (m2) and d is the thickness of the double 

layer (m) which exhibited in order of 5-10 A˚, depend on electrolyte concentration (Kötz 

and Carlen, 2000). 

 2.1.2 Psuedocapacitors 

The pseudocapacitors or redox supercapacitors employ fast and reversible 

surface or near surface reactions (via redox reaction at the vicinity (a few nanometers)) of 

the surface (Yu et al., 2015)). This charge storage mechanism provides the advantage of 
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fast charge-discharge (high power density) and high energy density (Augustyn et al., 

2014). Three different faradaic mechanisms, which are underpostential deposition, redox 

pseudocapacitance and intercalation pseudocapacitance, can involve in the charge storage 

mechanisms as illustrated in Figure 2.2. The underpotential deposition (B. Conway, 

1993) occurs when ions deposit on a 2-dimensional (2D) metal−electrolyte interface at 

potentials positive to their reversible redox potential for example H+ on Pt or Pd2+ on Au 

(Sudha and Sangaranarayanan, 2002) (Herrero, Buller, and Abruña, 2001). The redox 

pseudocapacitance exhibits at some extent of conversion of reduced species which is 

electrochemically absorbed onto the surface or near surface of oxidized species (or vice 

versa) in a Faradaic redox system i.e., RuO2 (Bi et al., 2010) or MnO2 (Brian E Conway, 

Birss, and Wojtowicz, 1997). The intercalation pseudocapacitance occurs where ion 

intercalation into a redox-active material occurs with no crystallographic phase change 

and in a time scale close to that of an EDLC i.e., Nb2O5 (Kong et al., 2014). Typically, 

the pseudocapacitances can provide much higher energy density, but lower power density 

than the EDLCs. This is because the redox processes are normally slower than non-

faradaic processes. 
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Figure 2.2 Schematics of charge-storage mechanisms for different types of pseudocapacitive 

electrodes: underpotential deposition, redox pseudocapacitor, and ion intercalation 

pseudocapacitor (Shao et al., 2018). 

 

 2.1.3 Hybrid capacitors 

The hybrid capacitors utilize both EDLC and pseudocapacitor charge storage 

mechanisms. It is generally an asymmetric supercapacitor. One electrode stores charge by 

the faradaic process while another electrode stores charge based on the electrostatic 

double layer capacitive mechanism (Shao et al., 2018). A correct combination of the 

electrode can increase the cell voltage and hence enhance the energy and power densities 

(Int. J. Electrochem. Sci., 11 (2016) 10628). However, the faradaic electrode exhibits low 

cyclic stability which is the main drawback of hybrid capacitors compared with EDLCs. 
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2.2 Components of supercapacitors 

2.2.1 Electrode 

Electrode is the main component of supercapacitor. The capacitance of 

supercapacitor strongly depends on the properties of electrode materials, especially 

conductivity, specific surface area, wettability, and pore size. An electrode with high 

surface area tends to provide high specific capacitance because charges are stored on the 

surface (Yu et al., 2015). However, the correlation between specific surface area and the 

specific capacitance of electrode materials is still unclear. The increase of specific surface 

area with simultaneous increase of average pore size dose not result in the increase of the 

specific capacitance (Shi, 1996). It is recognized that the relationship between pore size 

of electrode and ions size of electrolyte is also crucial. Macropores can facilitate the 

penetration and wetting of electrolyte ions to the interior surface and hence improve the 

rate capability and cycle stability of the electrodes. Mesopores can provide a large 

accessible surface area for ion transport/charge storage, and micropores contribute to 

increasing the specific surface area and specific capacitance. For instance, carbon-

derived-carbide sample with pore size as 0.7 nm will provide the highest normalized 

capacitance with the ionic liquid electrolyte which has the size of about 7.6 ˚A x 4.3 ˚A 

for cation and 7.9 ˚A x 2.9 ˚A for anion (Largeot et al., 2008). Optimization of pore size, 

pore structure, surface properties and conductivity of the electrode materials are therefore 

crucial for the electrochemical performances of supercapacitors. The specific capacitance 

and rate capability are also dependent on both electronic and ionic conductivity. High 

electronic and ionic conductivity will help to maintain the rectangular nature of cyclic 

voltammetry (CV) curve and symmetricity of galvanostatic charge/discharge (GCD) 
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curves. They also reduce the specific capacitance losses as scan rates/current densities are 

increased. (Yu et al., 2015). 

Various materials have been applied and used as electrode materials.Carbon 

materials, such as, carbon nanotube (K. An et al., 2001), nanoporous carbon (Jeon et al., 

2015), carbon nanofiber (C. Kim and Yang, 2003), graphene (Liu, Yu, Neff, Zhamu, and 

Jang, 2010), and reduced graphene oxide (El-Kady, Strong, Dubin, and Kaner, 2012) 

have been intensively usesd for EDLCs. Metal oxides, such as, RuO2, MnO2 and NiO and 

conducting polymer, such as, poly(3,4-ethylenedioxythiphene) (PEDOT) and polyaniline 

(W. Li, Chen, Zhao, Zhang, and Zhu, 2005)have been employed as electrode materials 

that provide pseudo capacitance(C.-C. Hu, Chang, Lin, and Wu, 2006) (Frackowiak, 

2007). Although these materials exhibit a reduction-oxidation process (Sharma et al., 

2010)  which provides higher electrode performances, they suffer from poor stability 

during cycling due to redox reactions (Xiang, Yin, Wang, and Zhang, 2016) (Sun et al., 

2019).  

 2.2.2 Electrolyte 

 Electrolyte is a material that provides pure ionic conductivity between the 

positive and negative electrodes of a cell (Winter and Brodd, 2004). It therefore play an 

important role to determine the operating voltage and power density of supercapacitor. 

Supercapacitor cell voltage is limited by the electrolyte decomposition at high potential 

(Simon and Gogotsi, 2008). There are 3 types of electrolytes which are ionic electrolyte, 

such as, 1-ethyl-3-methylimidazolium acetate (EMIM Ac), organic electrolyte, such as, 

1.0 M of tetraethylammonium tetrafluoroborate ((C2H5)4NBF4) in acetonitrile, and 

aqueous electrolyte such 1.0 M H2SO4 in DI water. 
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 2.2.3 Separator 

  Separator is a physical barrier between two electrodes to prevent electrical 

shorting but allow positive and negative ions go through. The separator can be a gelled 

electrolyte, or microporous plastic film or other porous inert materials filled with 

electrolyte (Winter and Brodd, 2004).  

 

2.3 Graphene oxide (GO) 

Graphene oxide (GO) is a two-dimensional crystal structure formed by a flat 

monolayer of carbon atoms arranged in a hexagonal lattice (Geim and Novoselov, 2007). 

It contains various oxygen functionalities, such as, epoxide (C-O-C), carbonyl (C=O), 

phenol (Ph-OH), carboxyl (COOH) and hydroxyl (C-OH) (Gómez-Navarro et al., 2010) 

(Lerf, He, Forster, and Klinowski, 1998), and its layers terminate with C-OH and -COOH 

groups (Lerf et al., 1998) (Rao et al., 2014; Li et al., 2013; Dıez-Betriu et al., 2013). 

Although various structural models have been proposed which are based on the observed 

various oxygen-containing functional groups (Lerf et al., 1998), the precise structure of 

GO is still uncertain because it has nearly amorphous structure. The possible structure of 

graphene oxide is illustrated as in Figure 2.5. 
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Figure 2.3 Possible GO structure proposed by (a) Comptom (Compton and Nguyen, 

2010) and (b) Lerf (Lerf et al., 1998). 

 

Today GO can be routinely synthesized from graphite. Several techniques can be 

employed, such as,  Brodie (Brodie, 1859), Staudenmaier (Staudenmaier, 1898), 

Hofmann (Hofmann and Holst, 1939) and Hummers methods (Hummers Jr and Offeman, 

1958). Among these techniques, the Hummers method is the most widely used due to its 

ease, simplicity and short time process.  

GO exhibits many interesting properties which is promising for electrode material, 

such as, highly flexible layered structure (Marco et al., 2017), very high the specific 

surface area (SSA) and easily tunable porous structure (Srinivas et al., 2012). It is 

theoretically predicted that the SSA of GO is as high as 2600 m2 g–1 , although, the 

experimentally measured SSA of lower than 1000 m2 g–1 have been reported 

(Vivekchand et al., 2008) (D. Zhou and Han, 2010) (Srinivas et al., 2011) (Montes-
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Navajas et al., 2013). Moreover, GO can be cost-effectively produced in a large scale 

using inexpensive graphite as a raw material (X. Huang, Qi, Boey, and Zhang, 2012).  

Although GO and conducting polymers or metal oxides nanocomposites with have 

been widely studied, as they exhibit high capacitances and good cycling performances 

(H. Wang, Hao, Yang, Lu, and Wang, 2009), only few studies have been reported on the 

direct use of GO as electrode material. Xu et al. reported a systematic study on GO as the 

electrode material for supercapacitors. It was found that the highest specific capacitance 

of 189 F g-1 can be reached. It has also pointed out that the attached oxygen-containing 

functional groups on GO basal planes can provide an additional pseudo-capacitance 

[Energy Environ. Sci., 2011, 4, 2826–2830].  The main limitations of use of GO as a 

supercapacitor electrode are; (i) its low effective surface area of 1000 m2 g-1 in 

experiment, lower than  the number in theory (Montes-Navajas et al., 2013) (Srinivas et 

al., 2011) (Vivekchand, Rout, Subrahmanyam, Govindaraj, and Rao, 2008) (D. Zhou and 

Han, 2010), (ii) low measured sheet resistance of ∼4 × 1010 Ω per square (Gilje, Han, 

Wang, Wang, and Kaner, 2007), and  (iii) many oxygen functional groups on its 

structure, this may  cause capacitor instability, increase series resistance and increase 

deterioration of capacitance (Pandolfo and Hollenkamp, 2006) (Azaïs et al., 2007). 

 

2.4 Reduction of graphene oxide and laser irradiation 

To improve the properties of GO, many research have attempted to remove oxygen 

functional groups from its structure and exforliated GO sheet to lower sheet. This product 

material is known as reduced graphene oxide (rGO). Various techniques can be used to 

tranfrom GO to rGO, such as, chemical reaction, microwave exfoliation, thermal process, 

and laser irradiation (TK, Nair, Abraham, Beegum, and Thachil, 2014) (Stoller, Park, 
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Zhu, An, and Ruoff, 2008) (Y. Wang et al., 2009) (Shin et al., 2009) (Y. Zhou, Bao, 

Tang, Zhong, and Loh, 2009) (Y. Zhu et al., 2010) (Vivekchand et al., 2008). The 

chemical and thermal methods are most frequently used. The chemical reduction method 

is scalable, however, it involves the use of hazardous reducing agents, such as hydrazine 

or sulfonate. This can leave some residues after the process and significantly affect the 

structures and properties of rGO (D. Yang and Bock, 2017) (Y. Huang et al., 2018). The 

thermal reduction process can produce rGO with high surface are a which may be 

approach the surface area of pristine graphene. However, it employs high temperatures 

exceeding 1000 C which can generate various defects in the structure (D. Yang and 

Bock, 2017). Recently, hydrothermal method has been proposed to reduce GO. This 

thermal treatment technique takes place inside a closed vessel in an aqueous medium 

heated at subcritical temperatures (120–200 C) under self-generated pressure (Barra et 

al., 2021). It is simple, fast, cost effective and environmentally friendly. It is also possible 

to simultaneously reduce the oxygen functional groups and dope with heteroatoms or 

fuctionalize the structure with active functional groups by the addition of reducing 

agents. Long et al. showed that nitrogen doped rGO sheet can be prepared by a 

combination of chemical and hydrothermal reduction method (Long et al., 2010). This 

was achieved via reduction of GO colloidal solution in the presence of ammonia and 

hydrazine under a hydrothermal environment. 

Previous studies have shown that doping or incorporating heteroatoms, such as, 

nitrogen, boron, phosphorous and sulfer to the structure carbon-based electrode materials 

could modify the chemical reactivity, electrical conductivity, surface activity and 

mechanical properties which are essentially for supercapacitor electrod material 

(Hulicova‐Jurcakova, Seredych, Lu, and Bandosz, 2009) (Lota, Grzyb, Machnikowska, 
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Machnikowski, and Frackowiak, 2005) (D.-W. Wang, Li, Chen, Lu, and Cheng, 2008). 

Among these dopants, nitorgen has been widely studied in the last few years. Lee et al. 

reported the synthesis N doped rGO by microwave-assisted hydrothermal method (Y.-H. 

Lee, Chang, and Hu, 2013). Pyridinic-N, pyrrolic-N, pyridine-N-oxides were observed in 

the structure of rGO, as shown in Figure 2.8, which provided pseudocapacitive behavior 

and the total specific capacitance of 218 F g-1 was achieved. Fan et al. synthesized 

nitrogen-rich graphene-incorporated nitrogen-containing hydrothermal carbons from GO 

by using a hydothermal method and glucosamine as nitrogen source (Fan, Yu, Yang, 

Ling, and Qiu, 2014). The synthesized composite exhibited the highest specific 

capacitance of 218 F g-1 at 0.1 A g-1 in 6 M KOH aqueous solution. 

 

 

Figure 2.4 Possible structure of nitrogen doped rGO (Faisal et al., 2017). 
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In addion to nitrogen doping, surfur doping and nitrogen and sulfur co-doping have 

become attractive. Wang et al. reported the synthesis of thiophene–sulfur doped rGO via 

the ethanol-thermal reaction (Z. Wang et al., 2014). Benzyl disulfide and ethanol were 

used as S doping source and reducing agent, respectively. It was demonstrated that the 

sulfur doping can enhance the conductivity of rGO better than nitrogen doping due to its 

stronger electron donor ability. Chen et a reported the synthesis of sulfur-doped three-

dimensional (3D) porous rGO hollow nanospheres framework which exhibited a high 

specific capacitance of 343 F g-1, good rate capability and excellent cycling stability in 

aqueous electrolytes (X. Chen et al., 2014). This excellent performance was believed to 

be due to the synergistic effect of sulfur-doping enhancing the electrochemical activity 

and 3D porous hollow nanospheres framework structure facilitating ion diffusion and 

electronic transfer. Rochman et al. prepared the N and S doped rGO via hydrothermal 

method (Rochman, Wahyuningsih, Ramelan, and Hanif, 2019).Wang et al. investigated 

the nitrogen and sulfur co-doped graphene prepared via a one-pot hydrothermal route 

using GO and L-cysteine as starting material. A good electrochemical performance with a 

specific capacitance of 566-343 F g-1 was observed (T. Wang, Wang, Wu, Xia, and Jia, 

2015).  

Recently, there have been reports on the reduction of GO by using photo-

irradiation, such as, UV induced catalytic reduction, photo-thermal reduction using a 

pulsed Xenon flash, and laser reduction (D. Yang and Bock, 2017).This technique does 

not rely on the use of chemials or high temperatures and shorten the reaction time from 

several hours to a few minutes (Yang, D., and Bock, C. (2017)). The reduction process 

can be also performed on dry GO films or GO flakes as starting materials.The first use of 

laser irradiation  was reported by Strong et al. (Strong et al., 2012). Infared laser with a 
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wavelength of 788 nm was irradiated on the GO electrode by using Light Scribe 

patterning technology. After irradiation, the decrease in disorder state (epoxide, hydroxyl, 

and carbonyl) and the re-establishment of C=C bonds in the carbon network was 

observed in the XPS spectra as hown in Figure 2.11. In 2012, Eigler et al. employed a 

green light laser to reduce graphene oxide prepared using diluted dispersion of GO on a 

ZnSe window. This reduced GO film showed the decrease of ID/IG which implied that 

this technique impact to local defects on GO structure (Eigler, Dotzer, and Hirsch, 2012)  

In 2012, El-Kady et al. applied infrared laser scibing technique from a computerized 

lightscribe DVD on GO supercapacitor electrode and oserved that it could enhance the 

specific capacitance up to 276 F g-1 (El-Kady et al., 2012).Dongfang Yand and Christina 

Bock reported the use of KrF excimer laser with a wavelength of 248 nm to reduce GO in 

aqueous solution. Then, the product material was dropcasted on Si substrates and used as 

electrode for supercapacitor. It  exhibited the specific capacitance of 130 F g-1 (D. Yang 

and Bock, 2017). In 2020, Yar et al. proposed the optical reduction of freeze-dried GO by 

using laser engraver (Yar et al., 2020). The specific capacitance as high as 161 F g-1 was 

achieved.  

From the previous studies, two effects of laser irradiation were attributed to the 

enhancement of electrode performance; i) laser light can create surface exforliation as 

shown in Figure 2.10.  
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Figure 2.5 SEM images of the surface of GO before and after  laser irradiation graphene 

(rGO) (El-Kady et al., 2012). 

Laser can reduce oxygen functional groups. Figure 2.11 shows the XPS spectra of 

GO before and after irradiation with infrared laser. The measured C1s peak showed the 

reduction of disorder or oxygen functional groups with increasing of sp2 hybridization 

state (Strong et al., 2012)  

 

Figure 2.6  C1s XPS peak of GO before and after irradiation with infrared laser (Strong 

et al., 2012). 
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In the photo reduction process, two main mechanisms are dominate which are 

photochemical and photothermal process (Yang, D., and Bock, C. (2017). The 

photochemical involves the absorption of photon and breaking the covalent bond. It has 

been reported that the photon energies of larger than 3.2 eV (<390 nm) is required for 

photo-reduction of GO (Smirnov, Arbuzov, and Shulga, 2011).In photothermal process, 

the electrons can absorb energy from photons, and the excited electrons can heat up the 

lattice which can raise the localized temperature and induce bond breaking resulting in 

deoxidation of GO (Yang, D., and Bock, C. (2017). The photothermal process is 

dominant when the laser energy is lower than 3.2 eV. However, most laser reductions 

may use both photothermal and photochemical effects. For multiphoton ionization to 

occur, the laser intensity needs to be in the range of 1012 W cm-2 to 1016 W cm-2 (Yang, 

D., and Bock, C. (2017). 
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CHAPTER III 

EXPERIMENTS AND TECHNIQUES 

 

In this work, graphene oxide (GO) was synthesized from graphite powder and 

then its properties were improved in two steps. In the first step, GO was reduced and 

doped with nitrogen. This was simply done by a conventional hydrothermal method and 

urea was used as a nitrogen source. In the second step, the surface of the prepared 

nitrogen doped reduced graphene oxide (N-rGO) was treated with violet laser. This was 

performed by the in-house violet laser scribing machine. The prepared samples were 

consequently prepared as electrodes and their electrochemical properties were evaluated 

by using galvanostatic charge/discharge (GCD), cyclic voltammetric (CV), 

electrochemical impedance spectroscopy (EIS), and leakage current measurement 

techniques. The prepared electrodes materials were also characterized by using X-ray 

diffraction (XRD), fourier transform infrared spectroscopy (FT-IR), scanning electron 

microscopy (SEM), Raman spectroscopy (Raman), X-ray photoelectron spectroscopy 

(XPS), and water contact angle measurement.All experiments and techniques used in this 

thesis are described in this chapter. 

 

3.1 Material preparations  

All chemicals used in this work were of analytical reagent grade. Water used is 

ultrapure (Milli Q water, resistivity of 18.2 MΩ cm−1). Graphite powder and acetylene 

black (AB) were purchased from Thai Carbon and Graphite Co. Ltd. and Carbot 
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(VXC72R LOT-4207037), respectively. Poly-(vinylidenefluolene) (PVDF), N-metyl-2-

pyrrolidone (NMP), Sulfuric acid (H2SO4) and Urea (NH2CONH2) were purchased from 

Sigma Aldrich, USA. 

3.1.1 Graphene oxide  

 GO was synthesized from graphite powder according to the modified 

Hummers method (Hummers Jr and Offeman, 1958). All processes were done in hood for 

safety. The preparation process is schematically shown in Figure 3.1 and briefly 

explained as follows:  

- 10 g of graphite powder and 5 g of sodium nitrate (NaNO3) were dispersed 

in 200 ml of 98% sulfuric acid (H2SO4), and it was stirred for 2 hours.  

- 30 g of potassium permanganate (KMnO4) was carefully added and, then it 

was continuously stirred for 12 hours. 

- 280 ml of DI water was slowly added.  

- 30 ml of 30%  hydrogen peroxide ( H2O2)  was carefully dropped into the 

solution, and it was continuously stirred for 30 minutes.  

- 720 ml of DI water was poured into the obtained brown solution, and it was 

continuously stirred for 30 minutes. The pH of the solution was adjusted to 

6-7 using DI water. 

- The brown solution of GO was filtered and washed with several DI water.  
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Figure 3.1 Preparation of graphene oxide. 

 

3.1.2 Nitrogen doped reduced graphene oxide (N-rGO) 

N-rGO with different nitrogen doping contents were synthesized from the 

prepared GO. This was done by using conventional hydrothermal method.  Urea 

(NH2CONH2) was used as nitrogen source. The synthesis process is briefly explained as 

follows:  

- 5 g of GO was dispersed in 25 ml of the urea in DI water solutions with urea 

contents of 20%, 40%, and 60% (w/v). The subsequently prepared samples 

were labeled as N-rGO20, N-rGO40, N-rGO60, respectively.  

- The mixtures were transferred into a 100 ml Teflon-lined stainless-steel 

hydrothermal chamber. They were heated to 180 C with a heating rate of 
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10 C min-1 and maintained at this temperature for 12 hours before naturally 

cooling down. 

- The obtained products were filtered and washed with DI water until 

reaching the pH of 6-7.  

- The products were finally washed with ethanol and were dried at 80 C for 6 

hours. 

3.1.3 Nitrogen and sulfer co-doped reduced graphene oxide (NandS-rGO) 

 In this work, nitrogen and sulfer co-doped reduced graphene oxide (NandS-

rGO) was also synthesized. This was done by using conventional hydrothermal method, 

like the synthesis process of N-rGO. Thiourea (CH4N2S was used as nitrogen and sulfer 

source.  

 

3.2 Electrode fabrications  

The prepared materials in including GO, rGO, N-rGO and NandS-rGO were 

prepared as electrode as follows.  

- 3. 75 g of the prepared electrode material (GO, N-rGO and NandS-rGO) was 

firstly mixed with 0.75 g of polyvinylidene fluoride (PVDF) and 0.50 g of carbon 

black in 40 ml N-methyl-2-pyrrolidone (NMP).  

- The mixture was ball-milled at 1000 rpm for 3 hours until a homogenous paste 

was obtained.  

- The electrodes were fabricated by droping 10 ml of the prepared paste on a carbon 

fiber paper (510 cm2) by a doctor-blade technique and were dried under ambient 

condition for 24 h as shown in Figure 3.2. 
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Figure 3.2 Preparation of the electrodes for N-rGO and Nands-rGO. 

 

3.3 Violet laser treatment  

The violet laser treatment was performed by our in-house laser scribing machine. 

The machine is adapted from a commercial 3D printer structure (Tronxy, XY-2 pro I3). 

The photographs of the laser treatment machine used in this work and its components are 

shown in Figure 3.3. 

 

.  
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Figure 3.3 Photgraphs of the in-house laser scribing machine adaped from a commercial 

3D printer and its components.  

 

The extruder of the 3D machine has been installed with a violet laser The violet laser 

engraver with a wavelength of 405 nm was purchesed from LaserGRBL. The maximum 

power of this laser was approximately 5 W). In this work, the laser power and intensity 

cannot be precisely controlled due to the limitation of our instrumentations. Its intensity 

was controlled by the voltage applied separately from the extruder. There is a monitor for 

voltage display as seen in Figure 3.3. The laser head is drived by using a step motor 

(model SL42STH34-1504A) which can move with a step angle of 1.8o (5% accuracy).  

The machine also has the ability to write a pattern on an electrode as shown in Figure 

3.4. This can be performed by creating a shap file (.gcode or .STL file) by the Inkscape 

program.   
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Figure 3.4 Photographs of writing a pattern on an electode by the laser scribing machine. 

 

 In this work, the prepared electrodes were scribed in a square shape with a size of 2 x 

4 cm or larger depend on number of electrodes that we need to use as shown in Figure 

3.5.The laser was irradiated perpendiculary to an electrode. The distance between laser 

head and electrode was fixed at 8 cm. The beam size of laser treatment was 

approximately 0.1 mm.  The laser was irradiated for different applied voltages (3, 7, and 

10.2 V) and repeating cycles (3, and 5 cycles) to study the effect of laser intensity and 

exposure time, respectively. During the irradiation, the scribing speed was fixed at a high 

speed of 10 cm s-1 to avoid heating process that could damages the structure of electrode 

material (D. Yang and Bock, 2017).  
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Figure 3.5 Laser irradiation process and control. 

3.4 Supercapacitor coin cell assembly 

The symetric supercapacitor coin cells were assembled as  follows.  

- The prapared electrodes were cut into a circular shape with a diameter of 1.5 cm.  

- A circular filter paper with a diameter of 1.8 cm was used as separator.  

- 1 M H2SO4 in DI water for 160 𝞵l was added as electrolyte. 

- Assembly all parts as coin cell (CR2302) as shown in Figure 3.6  

- The assemble cell was mechanically pressed  and quality checked.  
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Figure 3.6 Assembly of supercapacitor coin cells. 

 

3.5 Electrochemical evaluations 

3.5.1 Galvanostatic charge/discharge (GCD) mesurement 

The galvanostatic charge discharge (GCD) is a reliable method to evaluate the 

electrochemical capacitance of materials. This technique applies constant positive and 

negative currents to charge and discharge a material or device under fixed potential 

window. This process is often repeated for multiple cycles. GCD profiles, plot betweens 

cell potential and time, can be used to evaluate the quality of capacitive response, the 

 



33 

specific capacitance and capacitive retention of electrical energy storage. An example of 

a typical GCD profile is shown in Figure 3.8. 

 

Figure 3.7 Example of GCD profile. 

 

The single-cell (symmetric) supercapacitor can be considered as two parallel-

plate capacitors in series. The total capacitance (CT) of the cell can be calculated as: 

     (3.1) 

where Ca is the capacitance of anode and Cc is the capacitance of cathode. For a 

symmetric supercapacitor, both electrodes are made of the same active material. The 

specific capacitance of the active materials (Csp, materials) is usually used to determine 

ability of each material. The capacitance of cell (C cell) can be written as: 

    (3.2) 
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Therefore, 

 (3.3) 

The specific capacitance of cell (Csp, cell) can be expressed as: 

 (3.4) 

where ma and mc are the mass of active materials in anode and cathode 

electrodes (g), respectively. 

The specific capacitance for materials of a single electrode (Csp, materials) is four 

time of the specific capacitance of supercapacitor cell which can be estimated from GCD 

and CV measurements. Energy density and power density are usually used to evaluate the 

electrochemical performances of supercapacitor. The energy and power density of a 

supercapacitor coin cell can be calculated as: 

) (3.5) 

 (3.6) 

where V is the operating voltage in volt (V), and tdischarge is the discharge time 

in second (s). In the GCD technique, the capacitance of a supercapacitor can be estimated 

as follows:  

 

 (3.7) 

Since I is constant current which is measured on 2 electrodes of coin cell, 

Csp,materials (F g-1) is therefore calculated by using the following equation: 
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 (3.8) 

 

Cyclic stability, sometimes called capacitance retention, is also an important 

consideration when evaluating the performance of supercapacitors (EDLCs or redox 

capacitors). Galvanostatic charge/discharge cycling is the most common method used for 

determining the cycling stability. This can be done by repeating GCD test over large 

number of cycles (normally, 1000-10,000 cycles).  

In this research, the potentiostat model Metrohom, Eco Chemie Autolab 

PGSTAT30, operated with NOVA 1.11 software, was used for GCD mesurement. The 

measurements were performed with applied constant currents of 0.125, 0.25, 0.5, 1, 2, 5, 

10 A g-1 For the cyclic stability evaluation, the measurement was done at a constant 

current of 1 A g-1. 

3.5.2 Cyclic voltammetry (CV) mesurement 

Cyclic voltammetry (CV) is a powerful tool in the field of electrochemistry. It 

has been extensively used to determine the performance of electrical energy storing 

devices, such as, supercapacitors. In this technique, electric potential is imposed at the 

electrodes which varies periodically and linearly with time. The resulting electric current 

is recorded as CV loop as shown in Figure 3.9. Normally, CV loop shows regtangular 

shape that implies EDLC behavior. The CV loop may also exhibit a quasi-rectangular 

shape with a pair of small board oxidation or pseudocapacitance peak as shown in Figure 

3.9, which suggests both EDLC and pseudocapacitive behavior. The total charge 

accumulated at the surface of electrode can be calculated by integrating the electric 

current with respect to time. The capacitance can be then estimated as the total charge 
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divided by the potential window. Capacitance is generally measured at different scan 

rates. 

The specific capacitance (F g-1) of a supercapacitor coin cell can be calculated 

as shown in following: 

 =   Idt/dv =I/v   (3.12) 

where v = dV/dt is the potential scan rate (V s-1). 

 

Figure 3.8 Example for CV measurement. 

 

I is the the current (A) which is a function of voltage, I(V), as:  

   (3.14) 
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Therefore,   

 

   (3.15) 

Since the CV loop contains both charge and discharge steps, the specific 

capacitance of only discharge state therefore can be calculated as:   

    (3.17) 

Then, Csp,cell is calculated as: 

       (3.18)  

where m is mass of active materials for two electrodes of a coin cell, Then, 

( F g-1) is evaluated as: 

 

     (3.19) 

 

where V is potential in volt (V), Vmax-Vmin is potential window in volt (V), and m 

is mass of active materials in gram (g), and the integration of the resulting cyclic 

voltammograms (Stoller et al., 2008) (J. H. Park, Park, Shin, Jin, and Kim, 2002) (Qu et 

al., 2009) (Stoller and Ruoff, 2010) (W. Chen, Fan, Gu, Bao, and Wang, 2010). 

In this thesis, the potentiostat model Metrohom, Eco Chemie Autolab 

PGSTAT30, operated with NOVA 1.11 software was used for the CV measurements. 

The specific capacitance was evaluated with potential scan rates of 5, 10, 25, 50, 100, 

200, 500 mV s-1. 
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3.5.3 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy is an electrochemical technique that 

is used to investigate the electrochemical behavior at the electrode/electrolyte interface.  

An example of Nyquist plot, which is the plot of the real and negative of imaginary part 

of the impedance obtained from the EIS measurement is shown in Figure 3.9.  Based on 

Bing-Ang Mei’s work (Mei, Munteshari, Lau, Dunn, and Pilon, 2018), we useful the 

interpretations from this reserch to be guidelies as shown in following. 

 

Figure 3.9 Example of Nyquist plot obtained from electrochemical impedance 

spectroscopy (EIS) mesurement. 

 

The plot can bedivided into 3 parts for physical interpretation of for EDLCs 

Electrode resistance (Re), resistance at point A, is related with electrical conductivity of 

electrode and contact resistance between collector and electrode.  Electrolyte resistance 

(R͚), diameter of the semicircle, R, is related with electrolyte concentration and bulk 
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electrolyte resistance. Therefore, Re + R͚ can be interpreted as the electrode-electrolyte 

resistance.  Diffuse layer resistance (RD) is the resistance of diffusion layer near one 

electrode. The slope of plot in this region is associated with limitation of electrolyte ions 

diffusion (Taberna, Portet, and Simon, 2006) (Sing, 1985) and conductivity at the 

interface between electrode−electrolyte (D. Zhu et al., 2017). 

The electrochemical impedance spectroscopy is a sensitive technique. Great 

care must be taken. It is not always well understood because of the incomplete 

mathematical developments of equations connecting the impedance data with the 

physico-chemical parameters.  

In this research, the potentiostat model Metrohom, Eco Chemie Autolab 

PGSTAT30, operated with NOVA 1.11 software was used for the EIS measurement. The 

EIS was operated in the frequencies range between 10-1 Hz and 104 Hz at a bias potential 

of 500 mV. 

3.5.4 Leakage current or self-discharge measurement 

The leakage current or self-discharge is an important parameter which implies 

the ability to maintaine the state of charges when supercapacitors are not connected to an 

electrical network. It is always the main weak point for supercapacitor.  

There are many methods that can be used for measuring the leakage current, 

for example, applying DC voltage to a supercapacitor and measuring the required current 

for maintaining voltage, and charging a supercapacitor to fixed voltage, then opening the 

circuit and measuring the voltage change during self-discharge process which is used in 

this thesis. Figure 3.10 shows an example of a leak current measurement which is a plot 

between remained voltage and passing time. 

 



40 

 

Figure 3.10 Example of leak current or self-discharge measurement. 

 

3.6 Material characterization techniques 

3.6.1 X-ray diffraction (XRD) 

X-ray diffraction is a common material characterization technique that 

provides detailed information about the crystallographic structure, chemical composition, 

and physical properties of materials. It also allows for identification of crystal 

orientations and interatomic spacing (d(hkl)). Subsequently, XRD results were showed 

relationship between intensity of diffraction plane peak and 2𝝷 which come from incident 

X-ray direction. In plane X-ray waves, are used for this technique because wavelength is 

on the same length scale as interatomic spacing and lattice parameter values. X-ray 

diffraction data is analyzed by using Bragg’s equation 3.17 as shown in following. 

For explanation of XRD equations, there are incidents’ X-ray wave in the same 

plane that incident to atomic structure plane (s1, s2 etc.). Then, based on natural of EM 
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wave, interval between ab+ bc = n  including de+ef = m  where n and m are counting 

number. Figure 3.11 showed this relationship for plan and adjacent plan. Moreover, 

useful trigonometry theory, we can show sin𝝷 = ab/d(hkl), and sin𝝷 = bc/d(hkl). For above, 

we will get this equation as shown in Equation 3.17.   

     (3.17) 

and the angle of reflection for a particular set of lattice planes (hkl) is given as 

     (3.18) 

where n is n is the order of reflection, λ is the wavelength of x-rays, d(hkl), is the 

characteristic spacing between the crystal planes of a given specimen, and θ is the angle 

between the incident beam and the normal to the reflecting lattice plane. 

 

 

 

Figure 3.11 Schematic representation of Bragg’s Law for XRD. 
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To interpret XRD data, according to materials that were used in this thesis, 

based on graphene oxide, PVDF, and carbon black. Subsequently, possible diffraction 

plane and their 2𝝷wereshowed in Table 3.1. Furthermore, this thesis concentrates useful 

XRD results to attribute and support graphene oxide exfoliation. Due to 2𝝷 and d(hkl) are 

reciprocal in equation 3.2. Therefore, in case of, XRD peaks show shifting of 2𝝷 to lower 

value that can be attributed interatomic spacing for each atomic plane d(hkl)  will increase 

or exfoliated surface (S.-Y. Lee and Park, 2014) (Nguyen and Baird, 2007). 

In the thesis, XRD measurement were performed using XRD; BRUKER, D8 

ADVANCE) with Cu K radiation at a wavelength of 1.5406 Å from a generator 

operating at 40 kV and 40 mA. 
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Tatel 3.1 Possible diffraction plane and their located 2𝝷 for XRD. 

Determine of diffraction plane 2𝝷 (o) Ref. 

Signature of GO with interlayer d-

spcing ∽ 6.91- 8.22 Å 

10.76-

12.80 

(Slabaugh and Seiler, 1962) (Nakajima, 

Mabuchi, and Hagiwara, 1988) (Strong et al., 

2012) (Shayeh, Ehsani, Ganjali, Norouzi, 

and Jaleh, 2015) 

𝞪(100) from PVDF 17 (W.-b. Zhang et al., 2015) 

𝞪(020) from PVDF and GO and 

rGO 

18.4 (W.-b. Zhang et al., 2015) (Xu, Liu, Neoh, 

Kang, and Fu, 2011) 

𝞪(110) from PVDF 20 (W.-b. Zhang et al., 2015) 

𝞪(021) from PVDF and rGO 26.7 (W.-b. Zhang et al., 2015) (L. Q. Xu et al., 

2011) 

(002) from rGO 27-28 (Saleem, Haneef, and Abbasi, 2018) 

(Strankowski, Włodarczyk, Piszczyk, and 

Strankowska, 2016) (L. Q. Xu et al., 2011) 

Signal from rGO 38.5 (L. Q. Xu et al., 2011) 

(10), (100) 43.5 (Stobinski et al., 2014) 

Signal from rGO 44.4 (L. Q. Xu et al., 2011) 

(004) or (103) from graphite 50.5 (Stobinski et al., 2014) (Pang et al., 2010) 

(004) from graphite 55 (Ban, Majid, Huang, and Lim, 2012) 

(110) from graphite 60 (Ban et al., 2012) 

Signal from graphene oxide and 

(220) from graphite 

74.5 (Singh et al., 2009) (Pang et al., 2010) 

(110) from carbon black 78 (Ungar, Gubicza, Ribarik, Pantea, and Zerda, 

2002) 
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3.6.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) produces images of surface sample by 

scanning the surface with a focused beam of electrons as shown in Figure 3.13. The 

principle of SEM is based on the interaction between an incident electron and the solid 

specimen. This interaction can produce signals that contain information about the surface 

topography and elemental composition of the sample. SEM images are produced by 

collecting two types of electrons which are backscattered electrons (BSE) and secondary 

electrons (SE). The secondary electrons are originated from atoms on sample surface that 

interact as inelastic collision with the electron beam. On the other hand, the backscattered 

electrons are the primary electrons which are reflected after elastic interactions between 

the electron beam and atoms. They are originated from deeper regions of sample surface. 

The BSE and SE carry different types of information. BSE image is highly sensitive to 

differences in atomic number such that the higher the atomic number and the brighter the 

material appears in the image, while SE image can provide more detailed surface 

information. 

 

Figure 3.12 Schematic diagram of (a) basic SEM components and (b) different types of 

SEM signals. 
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In this thesis, SEM image were provided using SEM machine from Hitachi, 

SU8230. 

3.6.3 Raman spectroscopy 

Raman spectroscopy is a spectroscopic and non-destructive chemical analysis 

technique that can be used to determine vibrational, rotation, structural information, and 

other low-frequency modes of molecules. This technique relies upon inelastic scattering 

of photons, known as Raman scattering, including both Stokes Raman scattering and anti-

Stokes Raman scattering, as shown in Figure 3.13(a).  

 

 

Figure 3. 13 Schematic diagram of the identification of Raman scattering signal (a), 

example of deconvoluted Raman spectra (b) (Berrellez-Reyes and Alvarez-Garcia, 2019). 

 

In this technique, a monochromatic light, usually laser in the visible region, 

such as, green laser which has a wavelength of 532 nm, is focused on sample surface, and 

interacts with its vibrations or excitations at a molecular level. This generates shifted 
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laser photons which are immediately recorded as Raman scattering spectrum and then 

reported as a relationship between wavenumber and intensity. 

Raman spectroscopy is a useful and famous technique to investigate graphene, 

GO and rGO properties. A typical Raman spectrum excited with green laser usually 

shows 2 obvious band peaks located at the wavenumbers of ~1345 and ~1590 cm-1 

corresponding to defect graphite structure (D-band), graphitic carbon phase with C=C 

double bond with sp2-hybridization (G-band), respectively. These main peaks can be 

deconvoluted into more additional band peaks at the wavenumbers of 1520 and 1618 cm-

1 which are attributed to interstitial defects or amorphous sp2-bonded carbons (D ́ ́-band) 

and disorder-induced phonon mode due to crystal defects (D ́-band), respectively as 

shown in Figure 13(b) (Tuinstra and Koenig, 1970) (X. Zhao and Ando, 1998) (Ferrari 

and Robertson, 2000).  

In this thesis, the Raman spectroscopy was carried out on a Raman; Horiba, 

KH8700 with green laser which has a wavelength of 532 nm. The Raman spectra were 

deconvoluted based on Lorentzian functions for D- and G- bands and Gaussian function 

for D ́- and D ́ ́- bands (Berrellez-Reyes and Alvarez-Garcia, 2019). The area of these 

band peaks and the ID/IG were calculated. This value can idicate the C=C double bond 

with sp2 hybridization content and amount of oxygen/nitrogen-containing functional 

groups on electrode surface. The decrease of ID/IG suggests the decrease of disorder state 

and increase of crystalline graphene (Childres, Jauregui, Park, Cao, and Chen, 2013). 

This is(Claramunt et al., 2015). Moreover, the red-shifting of G-band peak can also be 

used to suggest the transition from an amorphous to a more crystalline carbon state of 

graphene (Strong et al., 2012). This is attributed to the strain on graphene structure (Ni et 

al., 2008). 
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3.6.4 Fourier transform infrared (FT-IR) spectroscopy 

 Fourier Transform Infrared (FT-IR) spectrometry is a technique which is used 

to obtain infrared spectrum of absorption, emission, and photoconductivity of solid, 

liquid, and gas. It is used to detect different functional groups in used materials.  

To explain about operated detail for FT-IR techique, interferometer is a simple 

optical device that can produce many infrared frequencies from a light source by 

employing beam splitter as shown in Figure 3.14. This Figure showed one beam reflects 

off a mirror that is fixed in place. another beam reflects off a mirror which can move with 

short distance (few millimeters). Subsequently, these two beams (incideted beam and 

reflected beam) are recombined again before exposure on sample. Therefore, the 

recombined wave exhibited many wavenumbers, depand on, moving step of moving 

mirror.  

The resulted spectrum of this technique represents the molecular transmission 

and absorption of sample with many frequencies wave from interferometer. Then, these 

results exhibit a molecular fingerprint of each bonding on sample which is no two unique 

molecular structure, can produce the same resulted spectrum.  
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Figure 3.14 Simple schematic of FT-IR spectrometer. 

 

According to this spectroscopy shows relationship of intensity of infrared after 

responding with all bonding of electrode sample then transmit to detector and 

wavenumber of infrared wave. To interpreting data, each bonding in materials can absorb 

or match with individual frequency of infrared, called fingerprint of each bonding which 

are used to identify their bonding types. According to there are many materials were used 

in this research. Then, all possible absorption peak which may appear, and wavenumber 

was shown in following Table 3.2.  
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Table 3.2 Possible bonding and their located wavenumber for FT-IR. 

Possible absorption peak Wavenumber (cm-1) Reference 

the stretching vibration peaks of water 

molecule 

3,423 (Stankovich, Piner, 

Nguyen, and Ruoff, 

2006) 

the O–H stretching vibration 3,410 (J. Park and Kim, 

2014) 

symmetric and anti-symmetric stretching 

vibrations of –CH2 

2,954 (J. Park and Kim, 

2014) 

2,831 (J. Park and Kim, 

2014) 

C=O (carbonyl) 

 

 

 

1,733 (Stankovich et al., 

2006) 

1,713 (Ma et al., 2012) 

(Y. Hu et al., 2010) 

1,703 (Stankovich et al., 

2006) 

Thiocarboxylic acid ester R-CO-SR 1698 (W. S. V. Lee, 

Leng, Li, Huang, 

and Xue, 2015) 

C=C (Aromatic skeleton carbon ring) 1,631 (Ma et al., 2012) 

(Y. Hu et al., 2010) 

The bending vibration of N-H 1,585 (Ai et al., 2012) 

(Ryu and 

Shanmugharaj, 

2014) (Han et al., 

2013) 

CHN 1,543 (Stankovich et al., 

2006) 

-C-F- group 1,400 (Acharya, 

Gopinath, 

Alegaonkar, and 

Datar, 2018) 

O-C=O (Carboxyl) 1,396 (Ma et al., 2012) 

(Y. Hu et al., 2010) 

the stretching vibration of >C–H, which 

could be assigned to H-adsorbed on graphene 

surface. 

831 (J. Park and Kim, 

2014) 

The stretching vibration of N-H 820 (Ai et al., 2012) 

(Ryu and 

Shanmugharaj, 

2014) (Han et al., 

2013) 

The asymmetric stretching of metal-O  600-400 (Acharya et al., 

2018) 

Here, FTIR spectrum is recorded between 4000 and 500 cm−1 with FT-IR: Perkin Elmer 

model Spectrum GX with powder sample. 
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3.6.5 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitively spectroscopic 

technique based on the photoelectric effect. XPS spectra are obtained by irradiating a 

material with a monoenergetic X-ray beam while simultaneously measuring the kinetic 

energy and number of emitted electrons that escape from surface as shown in Figure 3.16. 

The kinetic energy of the emitted electrons (Ek) is related to the energy of the incident X-

ray (h) as in the following equation: 

 

      (3.19) 

 

where, W is the surface work function (eV), h is the Plank’s constant, vis the 

frequency of incident X-ray and Eb is the binding energy.  

The binding energies of electrons for element have their own fingerprint. Only 

certain values of energy can excite each electron in different quantized energy. This 

technique therefore can provide the information of elemental composition as well as 

electronic structure of material via the relationship plotted between binding energy or 

kinetic energy of incident electron with intensity of emiited electrode.  

 

Figure 3.15 Schematic representation of X-ray photoelectron spectroscopy ( XPS) 

technique (picture from https://www.slri.or.th/th/beamline/bl32a-pes.html). 

 

https://www.slri.or.th/th/beamline/bl32a-pes.html
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 In this research, the XPS experiments were performed by using XPS machine 

stand alone; ULVAC-PHI PHI5000 Versa Probe II at beamline 5.3 (SLRI) and XPS at 

beamline 3.2a (SLRI). 

3.6.6 Contact angle and wettability masurement 

 Contact angle (𝝧) is a parameter which relates with electrochemical 

performance of supercapacitors applications. Contact angle is indicated by using wetting 

behavior of the degree of wetting when electrode surface and electrolyte interacts as 

shown in Figure 3.17.  

In this thesis, the contact angle was measured by dropping an electrolyte on 

electrode surface and taking pictures. The contact angle was then derived from the picture 

using ImageJ program.Large contact angles higher than 90° correspond to low 

wettability, while small contact angles lower than 90° correspond to high wettability (Y. 

Yuan and Lee, 2013). There are 2 main parameters, effect on contact angle of electrode 

materials which are heteroatom doping, cause polarity surface  (Y. Li et al., 2015) (Dai et 

al., 2019) and more surface roughness, can increase wettability (Nakae, Inui, Hirata, and 

Saito, 1998). 

 

Figure 3.16 Schematic of a sessile-drop contact angle with electrode surface and 

electrolyte system. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Synthesis and characterization of Graphene oxide (GO) 

In this work, graphene oxide (GO)  was used as a based materials for fabrication of 

supercapacitor electrode. It was synthesized from graphite via the modified Hummer’s 

method. The properties of the synthesized GO were investigated by many 

characterization techniques including scanning electron microscopy ( SEM) , X-ray 

diffraction ( XRD) , Fourier Transform Infrared ( FT-IR)  and X-ray photoelectron 

spectroscopy (XPS). 

SEM images of graphite and the prepared GO are shown shown in Figure 4.1. The 

SEM image reveal the layered structure of graphite which consists of square shape and 

smoot surface flake sheets. This is similar to the previous observation by Markervich 

et.al. (Markervich, Salitra, Levi, and Aurbach, 2005).After the transformation to GO, the 

smooth graphit sheets became wrinsurface mophology of GO transform towrinkled and 

randomly aggregated sheets which is the characteristics of GO (Śliwak, Grzyb, Díez, and 

Gryglewicz, 2017) (Soltani and Lee, 2017) (Lin, Waller, Liu, Liu, and Wong, 2013). 
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Figure 4.1 SEM images of graphite (a), (b) and the prepared GO (c), (d) and SEM 

images of graphene oxide (GO) with varies magnifications (e)- (g). 

 

X-ray diffraction (XRD) pattern of the prepared GO is shown in Figure 4.2. There 

are an obvious single peak at 2𝝧 = 10.76 - 12.80˚corresponds to oxidation with 

permanganate reveals an  interlayer d-spacing in range of 6.91 - 8.22 Å (GO membrane 

nanolayer) which was  marked peak with * (Slabaugh and Seiler, 1962) (Nakajima et al., 

1988) (Strong et al., 2012), peaks around 26-28˚, indicated (002) plane peak showed 

similar with other research (W.-b. Zhang et al., 2015) (Strankowski et al., 2016), peak at 

44˚, indicated (100) or (10) plane peak showed similar with Xu Li research work (L. Q. 

Xu et al., 2011) and another mark peaks which showed matching of GO from other 
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research (W.-b. Zhang et al., 2015) (L. Q. Xu et al., 2011). Unforturnatly, there are other 

peaks appear in XRD results which came from impurity on our GO powder. 

 

Figure 4.2 XRD patternt of the prepared GO. 

 

Figure 4.3 shows the FT-IR spectrum of the prepared GO. The  peaks located at 

wavenumber of 1052, 1386, 1631, 1730, 3410, and 3423 cm-1 are attributed to C-O, O-

C=O, C=C, C=O, O-H and water, respectively. The observation of many oxygen 

functional groups reflects the nature of GO structure. This observation is in good 

agreement with the previous studies (Biniak, Szymański, Siedlewski, and Świątkowski, 

1997) (K. H. An et al., 2002) (Lorenc-Grabowska, Gryglewicz, and Diez, 2013). 
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Figure 4.3 FT-IR spectrum of the synthesized GO. 

 

 The chemical composition of the prepared GO was also investigated by XPS. 

Figure 4.4 shows a wide scan XPS spectra of the prepared GO in the range of 0-1,400 eV. 

The spectrum reveals the presences of C O which are the main elements of GO.  The 

presence of sodium and silicon may be due to the residue from the synthetic process. 

 

Figure 4.4 Wide scan XPS spectrum of the synthesized GO. 

 

The high resolution XPS spectra in the C1s and O1s region of the prepared GO are 

shown in Figure 4.5. The  C1s was deconvoluted into 5 components at the binding 

energies of ∽284.5, ∽258.3, ∽286.5, ∽287.5, ∽289.0 eV, corresponding to C=C (sp2), 
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C-C (sp3), C-O, C=O and COOH, respectively (Biniak et al., 1997) (K. H. An et al., 

2002) (Kelemen and Kwiatek, 1995) (Zhuo, Zhang, Du, and Yan, 2015). The high 

resolution signal of O1s was deconvoluted into 4 peaks at the binding energies of 

∽531.0, ∽532.5, ∽534.4 and ∽536.0 eV, corresponding to C=O, C-OH, C-O-C and 

water, respectively (Lorenc-Grabowska et al., 2013) (Zielke, Hüttinger, and Hoffman, 

1996). The relative atomic percentage of each bonding in C1s and O1s are also shown in 

Figure 4.5.  It was observed that C=C (sp2) bonding is the main component of the 

prepared GO, which is consistent with the most popular model proposed by Lerf’s 

research (Lerf et al., 1998). The estimated atomic ratio between C and O was found to be 

approximate 1.1, which is similar to that reported in the other studies (Compton and 

Nguyen, 2010).  

 

Figure 4.5 High resolution XPS spectra of C1s and O1s peak of GO. 
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The structure of the prepared GO was also investigated by Raman spectroscopy. 

Figure 4.6 shows the Raman spectrum of the prepared GO recorded with green light laser 

with a waveleght of 532 nm. The spectrum was deconvoluted into 4 peaks at the 

wavenumbers of of 1348.6, 1519.7, 1586.1 and 1620 cm-1 corresponding to defect 

graphite structure (D-band), interstitial defects or amorphous sp2-bonded carbons (D ́ ́-

band), graphitic carbon phase with C=C double bond with sp2-hybridization (G-band) 

and disorder-induced phonon mode due to crystal defects (D ́-band), respectively 

(Tuinstra and Koenig, 1970) (X. Zhao and Ando, 1998) (Ferrari and Robertson, 2000). 

The estimated ID/IG and ID/IG ratios are ∽ 2.1 and ∽ 0.5, respectively, as listed in Table 

4.1. This result suggests that the prepared GO consists of graphitic carbon phase mixing 

with disorder state such interstitial defects, and amorphous sp2-bonded carbons. 

 

 

Figure 4.6 Raman spectroscopy result of graphene oxide (GO). 
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Table 4.1 The fitted and analyzed data of Raman spectrum of the prepared GO. 

 ID/IG ID”/IG Peak position (cm-1) 

D band D  ́́ band G band D  ́band 

GO 2.24 0.38 1348.6 1519.7 1586.1 1620.0 
 

The above results show that the prepared GO in this work consists of nanosheet, 

wrinkled sheet and porous structure. It exhibits main components which are C=C (sp2), 

C-C (sp3), C-O, C=O and COOH in agreement with other research.    

 

4.2 Nitrogen doped reduced graphene oxide (N-rGO)  

Nitrogen doped reduced graphene oxide (N-rGO) electrode was synthesized from the 

prepared GO by using a conventional hydrothermal method. Urea was used as a nitrogen 

source.Three N-rGO electrodes with different urea contents of 20%, 40%, and 60% (w/v) 

were prepared which were labeled as N-rGO20, N-rGO40, N-rGO60 electrodes, 

respectively. The electrodes were were assemble as supercapacitor coin cells as explained 

in Chapter III.  1 M of H2SO4 in DI water was used as electrolyte. Their electrochemical 

performances were evaluated via cyclic voltammetry (CV), galvanostatic charge-

discharge (GCD) and electrochemical impedance spectroscopy (EIS) measurement. In 

addition, electrodes were characterized by using scanning electron microscopy (SEM), X-

ray diffraction (XRD), Fourier transform spectroscopy (FT-IR), X-ray photoelectron 

spectroscopy (XPS), Raman spectroscopy, and contact angle measurement to understand 

the material properties. 

4.2.1 Electrochemical performances  

 Firstly, the specific capacitance of all coin cell supercapacitors were assessed 

using Galvanostatic charge-discharge (GCD) and Cyclic voltammetry (CV) with expand 

operating voltage from 1 V to 1.0 V. Then, CV measurements were evaluated with varies 
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potential scan rate as 5, 10, 25, 50, 100, 200, 500 mV s-1. GCD were measured with 

different constant currents of 0.125, 0.25 0.50, 1, 2, 5 and 10 A g-1. Finally, individual 

electrodes were further characterized using electrochemical impedance spectroscopy 

(EIS). 

 4.2.1.1 The specific capacitance  

 All rGO, N-rGO20, N-rGO40, and N-rGO60 SCs coin cells were 

evaluated electrode performance via the specific capacitance (Csp). Galvanostatic 

charge/discharge curves showed longer discharge time for urea dopedcoin cells which are 

44.8, 129, 294, and 161 s for rGO, N-rGO20, N-rGO40, and N-rGO60, respectively at 

0.125 A g-1 shown in Figure 4.7 (e)- (h). Discharge feature of N-rGO40 showed a little 

bit curve at potential 0.3-0.4 V which showed signal from pseudocapacitive behavior. 

Cyclic voltammetry loops showed bigger loop with a little bit signal of 

pseudocapacitance at after urea doping. For the best urea concentration, CV loops of N-

rGO40 SCs coin cell showed obvious quasi-rectangular shapes with a board oxidation 

and reduction signals which are approximately 0.3 – 0.5 V for all potential scan rate 

similar with GCD measurement, confirming mainly EDLCs behavior with 

pseudocapacitive ability as shown in Figure 4.7 (c), (g). These clear signals may be 

caused the highest the specific capacitance for N-rGO40 coin cell. 
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Figure 4.7 GCD (a)-(d), CV (e)-(h) of rGO, and N-rGOY SCs coin cells. 
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To show the conclude performance results, for nitrogen doped reduced 

graphene oxide (N-rGOY), the specific capacitance of all measurements showed higher 

supercapacitor coin cells performance with all N-rGOY electrode, compared to rGO 

electrode. These enhancements can be attributed via improving of electron transfer from 

nitrogen-lone-pair electron to -orbital of carbon in graphene structures, resulting in an 

improvement of wettability, electronic conductivity, and electrochemical performance as 

well as providing pseudocapacitance (Śliwak et al., 2017) (Liao et al., 2016). 

 Moreover, according to the best electrode is N-rGO40 which showed 

higher Csp than N-rGO20, maybe exhibit a best electrode material because of the optimal 

number of nitrogen-containing functional groups in graphene then Figure 4.8 (a) and (b) 

showed highest of pseudocapacitance influence with rapid decreasing of the specific 

capacitance with increasing of constant current and potential scan rate (Borenstein et al., 

2018). Furthermore, Csp of N-rGO60 < N-rGO40 electrode which may be attributed the 

decreasing of performance which might be explained an excess amount of insulating urea 

blocking active sites of graphene (Soo, Loh, Mohamad, Daud, and Wong, 2016). 
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Figure 4.8 The specific capacitance from GCD and CV measurement of rGO, and N-

rGOY SCs coin cells. 

 

4.2.1.2 Electrochemical impedance spectroscopy (EIS) of rGO and N-

rGOY SCs coin cells 

 To evaluate charge electrode transfer resistance, we can interpret EIS 

measurement as the following, Figure 4.9 showed all nitrogen condition which were 

doped, and reduced graphene oxide can help to increase electrical conductivity of 

electrode as shown in following. Electrode resistance can be obtained from the x-axis 

intercept as N-rGO20 > N-rGO40 > N-rGO60 > rGO SCs coin cells. Electrode 

electrolyte resistance are decreased as N-rGO20 < N-rGO40 < N-rGO60 < rGO SCs coin 

cells which were observed from R͚ at semicircle. Furthermore, higher slope at low 

frequency and diffusion layer resistance (RD) region can be showed in all nitrogen doped 

reduced graphene oxide that showed more electrical conductivity at the interface between 

electrode-electrolyte and electrolyte ions diffusion (Taberna et al., 2006) (Sing, 1985) (D. 

Zhu et al., 2017) as shown in Table 4.2. 
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Figure 4.9 Electrochemical impedance spectroscopy result from rGO and N-rGOY coin 

cells. 

 

 In this thesis, N-rGO40 SCs coin cells is the best performance condition 

when the specific capacitance is evaluated as Farad per gram (F g-1) then concluded 

results as shown in Table 4.2.  

 

Table 4.2 Electrochemical performance results of rGO and all N-rGOY SCs coin cell. 

Electrode GCD  CV EIS 

Best 

Csp 

(F g-1) 

Position 

of  

pseudo-

peak (V) 

Best 

Csp 

(F g-1) 

Position of  

pseudo-

peak (V) 

Re Re +R͚ Slope at RD region 

and 

slope at low f 

rGO 25 - 28 - 3.85 5.50 N-rGO20 ≈ N-rGO60 

> N-rGO40 > rGO 
N-rGO20 66 - 45 - 0.66 0.88 

N-rGO40 158 0.3-0.4 158 0.3-0.5 0.73 1.35 

N-rGO60 81 - 66 - 1.69 2.89 
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Furthermore, N-rGO20, N-rGO40, and N-rGO60 SCs coin cells also showed 

improvement of a weak point for supercapacitor which is better energy density than 

undoped or rGO and still exhibit a bit higher of power density, compare with rGO as 

shown in Table 4.3.  

 

Table 4.3 The operating voltage, discharging time, specific capacitances, energy densities 

and power densities of SCs using rGO, N-rGO20, N-rGO40 and N-rGO60 electrodes in 1 

M H2SO4 at 0.125 A g-1
. 

Electrode 𝜟V (V) 𝜟tdischarge (s) Csp (F g-1) E (W h kg-1) P (W kg-1) 

rGO 0.93 45 24.2 0.73 58.1 

N-rGO20 0.99 129 65.2 2.2 61.8 

N-rGO40 0.99 294 149 5.1 61.9 

N-rGO60 0.99 161 81.3 2.8 61.9 

  

 4.2.1.3 Capacitive retention of of rGO and N-rGOY SCs coin cells 

 To show long term stabilities of a coin cell supercapacitors, only rGO 

and N-rGO40 SCs coin cells were tested capacitive retention with GCD at 1 A g-1 for 

10,000 cycles (there is limitation with other conditions because not enough time for 

measurement). Subsequently, the specific capacitance and percentage of capacitive 

retention of N-rGO40 SCs coin cell was a bit greater than that of rGO SCs coin cell, as 

97% and 95% after 10,000 charge-discharge cycles as shown in Figure 4.10. That can 

imply nitrogen doped, could be used for extending life cycle for supercapacitor electrode. 

Unfortunately, we have available cells for testing only rGO, and N-rGO40 SCs coin cells. 
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Figure 4.10 Percentage and the specific capacitance of capacitive retentions of rGO and 

N-rGO40 coin cells. 

 

 4.2.1.4 Leakage current of rGO and N-rGOY coin cells 

Moreover, Nitrogen doped reduced graphene oxide electrode can 

obviously help the decreasing of leakage current and self-discharge, compare with non-

doped (rGO) as shown in Figure 4.11. The improvement may be attributed the reduced 

oxygen functional (S. Yuan et al., 2020) after nitrogen doping. Unfortunately, we have 

available cells for testing only rGO, N-rGO20 and N-rGO40 SCs coin cells because 

another coin cell was broked before measurement. 
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Figure 4.11 Percentage and the specific capacitance of capacitive retentions of rGO, N-

rGO20 and N-rGO40 SCs coin cells. 

 

4.2.2 Characterization 

 4.2.2.1 Scanning electron microscopy 

SEM images of rGO, N-rGO20, N-rGO40, and N-rGO60 electrodes are 

shown in Figure 4.12. These images showed quite similar morphology which nanosheet 

of GO, wrinkle surface. For 10k X of magnification, all nitrogen doped electrodes 

exhibited mixing with the distribution of nano particles insert along graphene oxide 

structure when compare with rGO electrode as also shown in Figure 4.12. 

 



67 

 

Figure 4.12 SEM images of rGO (a) -(c) , N-rGO20 (d) -( f) , N-rGO40 (g) -( i) , and N-

rGO60 electrode (j), (l) with difference magnifications. 

 

 Moreover, cross-section SEM image showed thickness of N-rGO40 

electrode film which used to represent all of electrode thickness are around 80 𝞵m as 

shown in Figure 4.13. 
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Figure 4.13 Cross-section SEM image of N-rGO40 electrode for showing thickness of 

all activated film materials.  

 

4.2.2.2 X-ray diffraction 

 XRD showed crystalline plan of rGO and N-rGO electrode. Here, we 

chose only rGO electrode as undoped graphene oxide condition and N-rGO40 eletrode as 

the best condition for nitrogen doped reduced graphene oxide condition for comparison 

as shown in Figure 4.14. XRD results of both conditions showed same peaks as the 

following, located peak at 2θ ∼ 36.3º, 45º, 65º, and 78º could be identified as plan peaks 

(002), (111), (103) and (220) which came from graphitic plan, PVDF, and carbon black 

(Pang et al., 2010) (Roy, Deb, Bhattacharjee, and Pal, 2002) (Ungar et al., 2002).  

 Furthermore, XRD of only N-rGO40 electrode maybe further attribute 

crystalline plan of nitrogen which showed more diffraction peaks at 2θ ∼ 43º, 51º, and 

76º, corresponding to (10) or (100), (102), and (110) which indicate a short-range order in 

stacked graphene layers, more graphite plan state (Pang et al., 2010) (Stobinski et al., 

2014). 
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Figure 4.14 XRD pattern of rGO and N-rGO40 electrodes. 

 

4.2.2.3 Fourier transform infrared (FT-IR) 

 To investigate chemical bonding, FT-IR results of all electrodes were 

showed transmission peak as ∽728, 875, 1068, 1175, 1390, 1540, 1650 cm-1, 

corresponding to 𝞫-phase in PVDF, C-O, C-N, O-C-O, O-C=O, CHN, and C=C as shown 

in Table 3.2. Furthermore, spectrum for rGO electrode showed highest transmission peak 

for C=C and these spectra for all N-rGOY showed lower transmission peak for O-C-O 

that can be implied nitrogen doped reduced GO may destroy some of graphene structure 

and nitrogen can completely be doped and reduced graphene oxide, respectively. 
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Figure 4.15 FT-IR results of rGO, N-rGO20, N-rGO40 and N-rGO60 electrode. 

 

 4.2.2.4 X-ray photoelectron spectroscopy 

  X-ray photoelectron spectroscopy (XPS) were performed to investigate 

chemical compositions on all N-rGOY electrodes. Wide scans of rGO, N-rGO20, N-

rGO40 and N-rGO60 electrodes were recorded in the binding energies range from 0 to 

550 eV which included carbon, oxygen on all electrodes and a little nitrogen peak on N-

rGO20, N-rGO40 and N-rGO60 electrodes as shown in Figure 4.16 (a). To analysis 

surface chemical compositions, the high resolution XPS spectra of C1s signal of rGO, N-

rGO20, N-rGO40 and N-rGO60 electrodes are displayed in Figure 4.19 (b) – (e). The 

XPS spectrum of C1s comprised C=C (sp2), C-O/C-N, C=O/C=N, COOH, CHF, and C-F 

at binding energies of 284.5, 285.3, 286.8, 288.4, 289.2 and 292.0 eV, respectively (Zhuo 

et al., 2015) (K. H. An et al., 2002) (Biniak et al., 1997) (Kelemen and Kwiatek, 1995). 

Figure 4.16 (c)- (e) showed influence of nitrogen doped reduced graphene oxide that 
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affect to decrease of C=C peak but increase C-O/C-N, C=O/C=N. That can be implied 

nitrogen can be doped in graphene oxide structure. 

To check reduced oxygen on rGO, N-rGO electrode, the signal of O1s 

are shown oxygen-containing functional groups such as C=O, C-OH/C-O-C, and 

COOH/water at binding energies of 531.5, 533.0, 534.5 eV, respectively (Zielke et al., 

1996) (Lorenc-Grabowska et al., 2013). Figure 4.16 (f)- (i) showed influence of nitrogen 

doped reduced graphene oxide that affect to decrease C=O peak but increase COOH and 

water peaks. 

Moreover, N-rGO20, N-rGO40 and N-rGO60 electrodes revealed 

nitrogen-containing functional groups such pyridinic-N, pyrrolic-N, and quaternary-N at 

binding energies of 398.3, 400.5 and 404.5 eV, respectively (Lorenc-Grabowska et al., 

2013) (Śliwak et al., 2017) (Kapteijn, Moulijn, Matzner, and Boehm, 1999). Notice point 

for N-rGO40 electrode is highest exhibition of pyridinic-N than both N-rGO20 and N-

rGO60 as shown in Figure 4.16 (j)- (l). 
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Figure 4.16 Wide scan of spectra from rGO and N-rGOY electrodes (a) , Fine scan C1s 

peak spectra from rGO and N-rGOY electrodes (b) (c) (d) (e), Fine scan O1s peak spectra 

from rGO and N-rGOY electrodes ( f)  (g)  (h)  ( i) , Fine scan N1s peak spectra from N-

rGOY electrodes. 
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 There are some more noticed points which can be attribute the 

relationship between quantitative bonding and electrode performance. The different 

quantity of remained sp2 and appeared pyridinic- N of N-rGO40 electrode showed highest 

volume after hydrothermal treatment with urea and preparing electrode process. 

Therefore, these two factors might be caused high electrical conductivity and highest 

pseudocapacitance of N-rGO40 condition as shown in Figure 4.17. 

 

Figure 4.17 Percentage of each bonding in C1s, O1s, and N1s for rGO, N-rGO20, N-

rGO40 and N-rGO60 electrodes.  

 

 To more analyzation, relative C=C (sp2) is the calculation of area of sp2 

per other peaks area which can be implied remained C=C (sp2) structure after 

hydrothermal with varies urea concentrations. The results from Table 4.4 showed using 

40% urea concentration, could maintain graphene structure lower than 20, and 60% (w/v) 

that might be implied nitrogen could be successful for introducing into graphene state. 

Table 4.5 and 4.6 showed peak position and area under each peak for O1s and N1s peak, 

respectively. To support N-rGO40 electrode as the best condition, the highest of relative 
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pyridinic-N might be attributed the possible providing of pseudocapacitive behavior 

because the lowest bonding energy, compare with pyrrolic-N and quaternary- N. 

 

Table 4.4 The results of XPS curve-fitting from Figure 4.19 (b)- (e). 

Electrode Position of each bonding at C1s Relative 

C=C (sp2) 
sp2 C-O/C-N C=O/C=N COOH CHF C-F 

rGO 284.2 285.4 286.7 288.4 290.1 291.8 0.62 

N-rGO20 284.2 285.5 286.8 288.4 290.2 291.9 0.46 

N-rGO40 284.2 285.5 286.9 288.7 290.3 292.0 0.57 

N-rGO60 284.3 285.5 286.9 288.6 290.4 292.0 0.47 

 

Table 4.5 The results of XPS curve-fitting of O1s from Figure (f)- (i). 

electrode Position of each bonding at O1s Area of each bonding at O1s 

C=O C-OH/C-O-C COOH/water C=O C-OH/C-O-C COOH/water 

rGO 531.5 533.3 535.0 49.66 39.85 10.48 

N-rGO20 531.5 533.3 535.0 42.41 40.64 16.95 

N-rGO40 531.5 533.3 535.0 46.21 39.70 14.09 

N-rGO60 531.3 533.1 535.0 47.23 39.93 12.83 

 

Table 4.6 The results of XPS curve-fitting of N1s from Figure (j)- (l). 

electrode Position of each bonding at N1s Area of each bonding at N1s 

pyridinic-N pyrrolic-N quaternary- 

N 

pyridinic-N pyrrolic-N quaternary- 

N 

N-rGO20 398.3 400.5 404.5 24.7 58.0 17.3 

N-rGO40 398.3 400.5 404.5 34.6 49.4 16.0 

N-rGO60 398.3 400.5 404.5 12.2 67.0 20.8 
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4.2.2.5 Raman spectroscopy 

Raman spectroscopy showed higher disorder (D band peak) after 

nitrogen doped reduced graphene oxide that related with SEM image that showed more 

complex morphology or more amorphous. Raman spectra of rGO, N-rGO20, N-rGO40, 

and N-rGO60 electrodes exhibited a pair of strong peak at 1586 and 1328 cm-1, 

corresponding to graphitic carbon phase with sp2-hybridization (G-band) and defect 

graphite structure (D-band), respectively (Tuinstra and Koenig, 1970) as shown in Figure 

4.18. All electrodes showed structure based on graphene with disorder state. D’ band of 

N-rGO20, N-rGO60 electrodes showed lower that has been attributed to the disorder-

induced phonon mode due to crystal defects, lower than rGO and N-rGO40 electrode as 

shown in Table 4.7.  

 

Figure 4.18 Raman spectroscopy result of rGO, N-rGO20, N-rGO40, and N-rGO60 

electrodes. 
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 According to the highest ID/IG of N-rGO40 electrode might be attributed 

the highest introduction of nitrogen functional groups into GO structure or creation of 

disorder state. 

 

Table 4.7 The fitted data and analyzed data of Raman spectra curves. 

electrode ID/IG ID”/IG Position 

D D” G D’ 

rGO 1.71 0.23 1340.9 1520.5 1584.6 1620.9 

N-rGO20 1.51 0.13 1338.4 1520.6 1580.8 1618.7 

N-rGO40 2.42 0.19 1346.8 1520.3 1588.7 1619.7 

N-rGO60 1.66 0.16 1336.7 1518.5 1580.2 1619.6 

 

4.2.2.6 Contact angle 

  Wettability of graphene oxide was enhance using heteroatom or 

nitrogen doping (Szczodrowski, Prélot, Lantenois, Douillard, and Zajac, 2009) with all 

urea concentration which can be explained via contact angle of rGO > N-rGO60 > N-

rGO20 > N-rGO40 electrode as shown in Figure 4.19. N-rGO40 electrode exhibit lowest 

contact angle as 142.8˚ that implied higher possible possess of surface energy expectation 

on nanomaterials of N-rGO40 electrode surface (Bøckman, Østvold, Voyiatzis, and 

Papatheodorou, 2000) (Mane et al., 2009). Then the reason is a more reason to cause 

highest the specific capacitance on the electrode condition. 
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Figure 4.19 Contact angle of rGO and N-rGOY electrodes with 1 M H2SO4 in DI water 

as electrolyte. 

 

4.3 Comparative study of structural and electrochemical properties of 

reduced graphene oxide, nitrogen doped reduced graphene oxide, and 

nitrogen and sulfur co-doped reduced graphene oxide. 

According to proposal examination, we introduced N-rGO and anothor possible 

strategies to improve intrinsic and surface of graphene oxide that is nitrogen and sulfur 

co-doping on graphene oxide, called NandS-rGO. Subsequently, we noticed some 

comparative study for between N-rGO electrode (main point in this thesis) and NandS-

rGO electrode and rGO electrode. The study showed the difference effect of monomer-

doping (N from urea: CH4N2O as nitrogen source) and co-doping (N and S from thiourea: 
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CH4N2S as nitrogen and sulfur source). After that, SCs coin cells of all electrodes were 

evaluated electrochemical performance via CV, GCD, and EIS. Finally, electrodes would 

be used for characterization for relating with their performance.  

4.3.1 Electrochemical performance 

 In electrochemical performance, all rGO, N-rGO, and NandS-rGO SCs coin 

cells provided CV loop, GCD curve, and EIS as shown in following.  

 4.3.1.1 The specific capacitance of rGO, N-rGO, and NandS-rGO SCs coin 

cells 

According to we reproted discharge feature of N-rGO40 SCs coin cell 

showed a little bit curve at potential 0.3-0.4 V which showed signal from 

pseudocapacitive behavior. Cyclic voltammetry loops showed bigger loop with a little bit 

signal of pseudocapacitance at after urea doping which showed obvious quasi-rectangular 

shapes with a board oxidation and reduction signals which are approximately 0.3 – 0.5 V, 

confirming mainly EDLCs behavior with pseudocapacitive ability as shown in Figure 

4.20 (b), (e). But there isn’t these signals in rGO and NandS-rGO SCs coin cell then we 

might use this reason to explain the highest performance for N-rGO SCs coin cell. 

 For the thiourea, CV loops showed bigger than rGO or non doped SCs 

coin cells. GCD curve showed discharge time of N-rGO SCs coin cells longer than 

NandS-rGO and rGO SCs coin cells as shown if Figure 4.20. 
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Figure 4.20 GCD (a)- (c), CV (d)-(f) of rGO, N-rGO, and NandS-rGO SCs coin cells in 

1 M H2SO4 in DI water as aqueous electrolyte. 

 Furthermore, the specific capacitance (Csp) of coin cells with electrode 

as N-rGO > NandS-rGO > rGO for 1 M H2SO4 electrolyte as shown in Figure 4.21. The 

results showed trend of the specific capacitance with constant current in GCD and 

potential scan rate for CV. The trend results showed the using nitrogen doping electrode 

can clearly improve of performance of supercapacitor via increase EDLCs mechanism 

and pseudocapacitance or redox reaction more than NandS-rGO SCs coin cells. 

Moreover, NandS-rGO SCs coin cells clearly showed higher performance from rGO SCs 
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coin cells that maybe attributed by pseudocapacitance from sulfur functional groups 

cooperation with EDLCs. 

 

Figure 4.21 Calculated the specific capacitance from GCD and CV results of rGO, N-

rGO, and NandS-rGO coin cells. 

 

 4.3.1.2 EIS of rGO, N-rGO, and NandS-rGO SCs coin cells 

 The electrochemical behavior at the electrode/electrolyte interface was 

reported by EIS, showed both N-rGO and NandS-rGO SCs coin cells can achieve the 

decreasing of electrode (Re) and electrode/electrolyte resistance (Re+ R𝞪). Furthermore, 

slope at low frequency of N-rGO SCs coin cells result clearly showed increasing of 

charge diffusion rate more than NandS-rGO and rGO SCs coin cells as shown in Figure 

4.22. 
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Figure 4.22 EIS results of rGO, N-rGO, and NandS-rGO SCs coin cells. 

 

 4.3.2 Scanning electron microscopy 

 SEM images showed graphene oxide sheet and wrinkly surface for rGO 

electrode. Then, after hydrothermal treatment with both urea and thiourea, both N-rGO 

and NandS-rGO electrode surface represented showed more nanoparticle which distribute 

for whole surface which might came from creation of more disorder state after 

hydrothermal treatment with nitrogen, and nitrogen and sulfur source as shown in Figure 

4.23. 

 

Figure 4.23 SEM image of rGO, N-rGO, and NandS-rGO electrode. 
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 4.3.3 Fourier transform infrared spectroscopy (FT-IR) 

FT-IR clearly showed absorption peak at 1713 cm-1, and 1168 cm-1 correspond 

to C=O (carbonyl), and O-C-O (epoxy), respectively for rGO electrode. After that, N and 

NandS doping electrode showed decreasing of C=O (carbonyl), and O-C-O (epoxy) 

which might attribute by oxygen functional groups were replaced nitrogen and sulfur 

functional groups. Morepver, there are nitrogen functional groups obviously occur peak 

that are absorption peaks around 1056 cm-1, and around 820 cm-1, correspond to the 

bending vibration of C-N, N-H, respectively as shown in Figure 4.24. 

 

Figure 4.24 FT-IR results of rGO, N-rGO, and NandS-rGO electrodes. 

 

4.3.4 X-ray photoelectron spectroscopy 

 X-ray photoelectron spectroscopy showed C, O are main element for all 

electrode but more N for both doping and more S for only NandS-rGO electrode as 

shown in Figure 4.25(a).  
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 To clearly investigate chemical composition, High resolution XPS was 

performed to check C1s, O1s, N1s, and S2p spectrum which were deconvoluted as shown 

in Figure 4.26 (b)-(j). The XPS spectrum of C1s comprised C=C (sp2) (C-1), C-O (C-2), 

C=O (C-3), COOH/CHF (C-4), and C-F (C-5) at binding energies of 284.5, 286.5, 287.5, 

289, and 290.5 eV, respectively (Biniak et al., 1997) (K. H. An et al., 2002) (Kelemen 

and Kwiatek, 1995) (Zhuo et al., 2015). To check oxygen species on surface, the signal of 

O1s of all electrode are shown oxygen-containing functional groups such as C=O (O-1), 

C-OH (C-2), C-O-C (C-3) and water (C-4) at binding energies of 531.0, 532.5, 534.4 and 

536.0 eV, respectively (Śliwak et al., 2017) (Lorenc-Grabowska et al., 2013) (Zielke et 

al., 1996). Moreover, the XPS spectrum of N1s comprised pyridinic-N (N-1), pyrrolic-N 

(N-2), quaternary-N (N-3), and pyridine N-oxide (N-4) at binding energies of 398.5, 

400.0, 401.5 eV, and 405.5 respectively (Lorenc-Grabowska et al., 2013) (Kapteijn et al., 

1999). Finally, for NandS-rGO, the XPS spectrum of S2p peak at binding energies of 

164.0, 164.9, 168.9 and 169.9 eV, corresponding with C-S2p3/2 (S-1), C-S2p1/2 (S-2), 

sulphone2p3/2 (S-3), sulphone2p1/2 (S-4), respectively (W. S. V. Lee et al., 2015) (Y. 

Yang et al., 2017). 
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Figure 4.25 XPS results from rGO, N-rGO, and NandS-rGO electrode. 

 

 To clearly amount of each bonding species, Table 4.8– 4.11 showed position 

and relative area of each bonding. Table 4.8 showed sp2 hybridization would be reduced 

after doped with N and further decrease after doped with N and S. 
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Table 4.8 The results of XPS curve-fitting from C1s peak in Figure 4.26 (b)- (d). 

Electrode Relative C=C 

(sp2) 

Position (eV) 

sp2 (C-1) C-O/C-N (C-2) C=O/C=N (C-3) COOH (C-4) C-F (C-5) 

rGO 1.04 284.3 285.4 286.6 288.6 290.5 

N-rGO 0.76 284.3 285.4 286.7 288.8 290.3 

NandSrGO 0.56 284.3 285.2 256.5 288.8 290.0 

 

Table 4.9 showed O-C will decrease after doping for both N-rGO and NandS-

rGO.  

 

Table 4.9 The results of XPS curve-fitting from O1s peak in Figure 4.26 (e)- (g). 

 

For nitrogen species, there is a notice point that would be significant parameter 

for performance of supercapacitors which is N-3 showed higher quantity in N-rGO than 

NandS-rGO. 

 

Table 4.10 The results of XPS curve-fitting from N1s peak in Figure 4.26 (h), (i). 

 

Electrode 

Percentage of each bonding 

(N-1) (N-2) (N-3) (N-4) 

Position FWHM Area Position FWHM Area Position FWHM Area Position FWHM Area 

N-rGO 398.3 1.9 26.8 399.6 1.9 51.1 401.5 2.4 17.6 405.8 2.3 4.4 

NandS-rGO 398.4 1.9 36.1 399.7 1.9 45.9 401.6 2.2 11.8 405.7 2.2 6.2 

  

Other species of sulfur were observed as shown in Table 4. 11 which cause 

pseudocapacitance for NandS-rGO. 

 

Electrode Percentage of each bonding 

Hydroxides (O-1) O=C (O-2) O-C (O-3) Absorbed H2O (O-4) 

Position FWHM Area Position FWHM Area Position FWHM Area Position FWHM Area 

rGO 530.8 2.0 31.6 532.0 2.0 14.1 533.5 2.0 50.8 536 2.0 3.45 

N-rGO 530.8 1.9 47.5 532.2 1.9 24.5 533.5 1.9 23.3 535.8 1.9 4.6 

NandS-rGO 530.8 2.1 15.2 532.2 1.7 49.5 533.5 1.8 35.1 535.7 2.0 0.2 
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Table 4.11 The results of XPS curve-fitting from S2p peak in Figure 4.26 (j). 

Electrode Percentage of each bonding 

(S-1) (S-2) (S-3) (S-4) 

Position FWHM Area Position FWHM Area Position FWHM Area Position FWHM Area 

NandS-rGO 164.1 1.8 30.6 166.1 2.1 17.8 168.7 2.1 36.9 171.4 2.1 14.7 

 

 4.3.5 Raman spectroscopy 

 To investigate step transformation of the formation of C=C sp2 graphitic 

carbon in graphene with varies doping condition, the Raman spectra were deconvoluted 

based on above mention. The fitted data of Raman spectra curves of all deconvoluted 

signals are summarized in in Figure 4.26 and Table 4.12. Also, the decrease in the 

intensity ratios between D-band and G-band (ID/IG) and between D”-band and G-band 

(ID”/IG) reflects an increase in the degree of C=C sp2-bonded graphitization, which 

implied higher disorder state after doping with N and more disorder state when doping 

with NandS. These results were attributed via ID/IG. Furthermore, the results of ID”/IG 

ratios decreased with doping with NandS, successful reductions of oxygen/nitrogen-

containing functional groups on graphene. 
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Figure 4.26 Raman spectroscopy result of rGO, N-rGO, and NandS-rGO. 

 

Table 4.12 The fitted data and analyzed data of Raman spectra curves. 

Electrodes ID/IG ID”/IG Band position (cm-1) 

 D band D ́  ́band G band D ́ band 

rGO 1.88 0.40 1346.5 1521.7 1589.4 1621.3 

N-rGO 1.99 0.40 1347.6 1520.4 1588.5 1620.4 

andS-rGO 2.22 0.23 1347.6 1520.7 1586.0 1620.5 

  

These results might be explained doping only nitrogen or monomer doping 

would be better than nitrogen and sulfur co-doping because higher electrical conductivity 

is more essential factor for supercapacitor than pseudocapacitive. Moreover, there are 

more characterizations and analyzation such atomic percentage for each element which 

must be done then we try to finish write manuscript for this research topic soon. 
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4.3.6 Contact angle 

 In this comparative study, contact angle clearly showed co-doping or NandS-

rGO electrode, can increase wettablility of graphene oxide more than monomer-doing or 

N-rGO electrode. There is a research from Dae Kyom Kim who also showed co-doping, 

can clearly decrease contact angle (D. K. Kim et al., 2018). Therefore, 2 Heteroatom 

doping as co-doping can decrease contact angle of graphene oxide than a source doping 

as shown in Figure 4.27. 

 

Figure 4.27 show contact angle of rGO, N-rGO, and NandS-rGO. 

 

 To conclude above results, due to electrochemical performance N-rGO and 

NandS-rGO showed higher than rGO that mean both urea and thiourea could be used to 

hydrothermal treatment as N-rGO, and NandS-rGO, respectively. Both doping showed 

the nitrogen species and more sulfur species for NandS-rGO. But monomer doping or 
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urea or N-rGO showed higher electrode performance than NandS-rGO. There are some 

reasons, could be attributed such only nitrogen doping showed higher graphitic-N which 

might be explained by no sulfur as bigger atom to interfere as well as sulfur might also be 

cause to detroy sp2 hybridization, implied using ID/IG. There conclude may be implied 

electrical conductivity and pseudocapacitance are significant parameter than wettablility 

for being a good supercapacitor electrode. 

 

4.4 Violet laser treatment (VLT) on N-rGO 

 We started this research from graphene oxide (GO) synthesis as electrode for 

supercapacitor application. Intrinsic properties of graphene oxide were improved by 

using hydrothermal technique with urea called nitrogen doped reduced graphene oxide 

(N-rGO). Based on this improvement, the best urea concentration is 40 % w/v called N-

rGO40 that was mostly studied in this chapter. After that, VLT treatment is useful to 

improve surface properties of rGO, N-rGO20, N-rGO40, and N-rGO60 electrodes called 

rGO-VX, N-rGO20-VX, N-rGO40-VX, and N-rGO60-VX electrodes, respectively (when 

X is the repeating number of VLT treatment). There is more notice point for normal 

treatment when we do not identify voltage of violet laser. That mean we use 10.2 V to 

apply for treatment which is maximum voltage as well as intensity of our violet laser 

treating machine. To investigate VLT effect on electrode for supercapacitor, all 

electrodes were further treated by violet laser treatment (VLT) on their electrodes. all 

electrodes were assembled as symmetric supercapacitor coin cells with using 1 M H2SO4 

in DI water as electrolyte for evaluating electrochemical performance as shown in Figure 

3.6. Finally, almost electrodes were further characterized using scanning electron 

microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy 
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(FT-IR), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and contact 

angle. 

  Before moving forward to electrochemical properties and characterized parts, we 

need to explain about division of intrinsic and surface properties that will be mentioned in 

this thesis. Due to SEM image for cross section view of electrode for N-rGO and N-rGO-

V5 region clearly showed the effect of VLT treatment in depth as shown in Figure 4.28. 

which clearly represented activated surface ∽30 𝞵m in depth because of VLT process.  

 

Figure 4.28 SEM image of cross-section view of electrode for showing interface of N-

rGO40 and N-rGO40-V5 region. 
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4.4.1 Electrochemical properties 

 After coin cell assembly as symmetric supercapacitors using rGO, rGO-VX, N-

rGO20, N-rGO20-VX, N-rGO40, N-rGO40-VX, N-rGO60, and N-rGO60-VX electrode, 

all coin cells were evaluated electrochemical properties via evaluating using CV and 

GCD. Coin cell supercapacitors with all electrodes condition were tested with expand 

operating voltage from 1 V to 1.0 V. CV loops were evaluated with potential scan rate 5, 

10, 25, 50, 100, 200, 500 mV s-1. GCD were measured with constant current 0.125, 0.25 

0.50, 1, 2, 5 and 10 A g-1. Moreover, CV and GCD can be attributed the behavior in 

system to show pseudocapacitive signal and electrostatic double layer capacitors 

(EDLCs). Finally, individual electrodes were further characterized using electrochemical 

impedance spectroscopy (EIS) to explain the effect to performance enhancement of 

electrodes which were treated using VLT treatment as shown in following.  

 4.4.1.1 The specific capacitance of rGO, rGO-V1, rGO-V3, and rGO-V5 

SCs coin cells 

 Coin cell supercapacitor with rGO, rGO-V1, rGO-V3 and rGO-V5 

electrodes were tested with operating voltage from 1 V to 1.0 V with both CV and GCD 

showed as shown in Figure 4.29. GCD showed a triangular charge/ discharge curve 

which discharge time of electrodes with VLT treatment showed longer than non-treated. 

CVs loops exhibited a quasi-rectangular shape with a pair of small board oxidation that 

mean mainly electrical double layer capacitive (EDLC) with pseudo-capacitive behavior 

that may come from quinone group after VLT process. Moreover, CVs graph showed 

bigger loops when supercapacitors were used VLT electrode. Those mean VLT treatment 

can enhance capacitive performance of rGO based electrode. 
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Figure 4.29 GCD and CV results of rGO, rGO-V1, rGO-V3 and rGO-V5 SCs coin cells. 
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Figure 4.30 showed trend of the specific capacitance with constant 

current in GCD and potential scan rate for CV. The trend results showed VLT treatment 

can clearly improve of performance of supercapacitor via increase EDLCs mechanism as 

well as a bit increase pseudocapacitance or redox reaction. 

 

Figure 4.30 Calculated the specific capacitance from GCD and CV results of rGO, rGO-

V1, rGO-V3 and rGO-V5 SCs coin cells. 

 

 4.4.1.2 EIS of rGO, rGO-V1, rGO-V3, and rGO-V5 SCs coin cells 

 The electrochemical behavior at the electrode/electrolyte interface was 

reported by EIS. The resutls showed all VLT treatment (1, 3, 5 cycle) can clearly showed 

decreasing of electrode (Re) and electrode/electrolyte resistance (Re +R͚). But charge 

diffusion showed quite same rate which were interpreted from quite same slope of low 

frequency region in all EIS results as shown in Figure 4.31 and Table 4.13. 
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Figure 4.31 EIS results of rGO, rGO-V1, rGO-V3 and rGO-V5 SCs coin cells. 

 

Table 4.13 Electrochemical performance results of N-rGO20, N-rGO20-V1, N-rGO20-

V3 and N-rGO20-V5 SCs coin cells. 

Electrode GCD  CV EIS 

Best 

Csp 

(F g-1) 

Position 

of  

pseudo-

peak (V) 

Best Csp 

(F g-1) 

Position of  

pseudo-peak 

(V) 

Re Re +R͚ Slope at RD region and 

slope at low f 

rGO 28 - 25 - 4.6 5.4 rGO ≈ rGO-V1 ≈ 

rGO-V3 ≈ rGO-V5 rGO-V1 31 0.3-0.5 28 0.3-0.5 0.4 1.0 

rGO-V3 53 0.4 51 0.3 0.7 1.8 

rGO-V5 65 0.5 61 0.5 0.4 2.2 

 

 4.4.1.3 The specific capacitance of N-rGO20, N-rGO20-V1, N-rGO20-V3, 

and N-rGO20-V5 SCs coin cells 

 Coin cell supercapacitor with N-rGO20, N-rGO20-V1, N-rGO20-V3 

and N-rGO20-V5 electrodes were tested with operating voltage from 1 V to 1.0 V with 
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both CV and GCD showed as shown in Figure 4.32. GCD showed a triangular charge/ 

discharge curve which discharge time of electrodes with VLT process showed longer 

than non-treated. CVs loops exhibited a quasi-rectangular shape that mean mainly 

electrical double layer capacitive (EDLC). Moreover, CVs graph showed bigger loops 

when supercapacitors were used VLT electrode. These GCD and CV results meaned 

VLT treatment can enhance capacitive performance of N-rGO20 based electrode. 

 

Figure 4.32 GCD and CV results of N-rGO20, N-rGO20-V1, N-rGO20-V3 and N-

rGO20-V5 SCs coin cells. 
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Subsequntly, Figure 4.33 showed trend of the specific capacitance with constant 

current in GCD and potential scan rate for CV. The trend results showed VLT treatment 

can clearly improve of performance of supercapacitor via increase EDLCs mechanism. 

For, N-rGO20-V5 showed pseudocapacitance or redox reaction which is a main factor for 

higher the Csp. 

 

Figure 4.33 Calculated the specific capacitance from GCD and CV results of N-rGO20, 

N-rGO20-V1, N-rGO20-V3 and N-rGO20-V5 SCs coin cells. 

 

 4.4.1.4 EIS of N-rGO20, N-rGO20-V1, N-rGO20-V3, and N-rGO20-V5 

SCs coin cells 

The electrochemical behavior at the electrode/electrolyte interface was 

reported by EIS. The results showed all VLT treatment (1, 3, 5 cycle) increased whole 

coin cell conductivity although showed slight increase electrodes resistance (Re) and 

electrode/electrolyte resistance (Re +R͚). Moreover, charge diffusion showed quite high 

rate for only N-rGO20-V1 SCs coin cell and N-rGO20-V3 SCs coin cell because higher 

slope at low frequenvy region than N-rGO20 SCs coin cell as shown in Figure 4.34 and 

Table 4.14. Unfortunately, there is noticed point for N-rGO-V5 SCs coin cell that may 
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from spiny coin cell assembly then caused very high electrodes resistance (Re) and 

electrode/electrolyte resistance (Re +R͚). 

 

Figure 4.34 EIS results of N-rGO20, N-rGO20-V1, N-rGO20-V3 and N-rGO20-V5 SCs 

coin cell. 

 

Table 4.14 Electrochemical performance results of N-rGO20, N-rGO20-V1, N-rGO20-

V3 and N-rGO20-V5 SCs coin cell. 

Electrode GCD  CV EIS 

Best Csp 

(F g-1) 

Position of  

pseudo-

peak (V) 

Best Csp 

(F g-1) 

Position of  

pseudo-

peak (V) 

Re Re +R͚  Slope at RD region 

and 

slope at low f 

N-rGO20 66 - 45 - 0.7 0.9 N-rGO20-V1 ≈ N-

rGO-V3 > N-

rGO20 > N-

rGO20-V5 

N-rGO20-V1 135 - 102 - 1.2 2.0 

N-rGO20-V3 119 - 88 - 1.3 2.0 

N-rGO20-V5 208 - 185 - 2.2 4.3 
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 4.4.1.5  The specific capacitance of N-rGO40, N-rGO40-V1, N-rGO40-V3, and N-

rGO40-V5 SCs coin cells. 

 Coin cell supercapacitor with N-rGO40, N-rGO40-V1, N-rGO40-V3 

and N-rGO40-V5 electrodes were tested with operating voltage from 0 V to 1.0 V with 

both CV and GCD showed as shown in Figure 4.35. GCD showed a triangular charge/ 

discharge curve which discharge time of electrodes with VLT treatment showed longer 

than non-treated. CVs loops exhibited a quasi-rectangular shape that mean mainly 

electrical double layer capacitive (EDLC). Moreover, CVs graph showed bigger loops 

when supercapacitors were used VLT electrode. These results represented VLT treatment 

induced enhancement of capacitive performance of N-rGO40 based electrode. Moreover, 

a little bit curve and quasi-rectangular shapes at potential 0.3-0.4 V from GCD curve and 

CV loop, respectively were disappeared after VLT for all N-rGO40-V1, N-rGO40-V3 

and N-rGO40-V5 SCs coin cell which maybe explained using VLT can remove some 

nitrogen functional groups. 
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Figure 4.35 GCD and CV results of N-rGO40, N-rGO40-V1, N-rGO40-V3 and N-

rGO40-V5 SCs coin cell. 

 

 Figure 4.36 showed trend of the specific capacitance with constant 

current in GCD and potential scan rate for CV. The trend results showed VLT treatment 

can clearly improve of performance of supercapacitor via increase EDLCs mechanism as 

well as pseudocapacitance or redox reaction. 
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Figure 4.36 Calculated the specific capacitance from GCD and CV results of results of 

N-rGO40, N-rGO40-V1, N-rGO40-V3 and N-rGO40-V5 SCs coin cell. 

 

 4.4.1.6 EIS of of N-rGO40, N-rGO40-V1, N-rGO40-V3, and N-rGO40-V5 SCs 

coin cells. 

 The electrochemical behavior at the electrode/electrolyte interface was 

reported by EIS. Electrode resistance (Re) of N-rGO40 electrode clearly showed 

decreasing with both VLT treatment with 3, 5 cycle. Moreover, all 1, 3, 5 cycles of VLT 

on N-rGO40 showed similar of electrode/electrolyte resistance (Re +R͚) but exhibited 

fasted charge diffusion rate from slope of lower frequency results as shown in Figure 

4.37 and Tablr 4.15. But N-rGO40-V1 showed clearly decrease of charge diffusion rate 

that might be attribute using not enough treating time and intensity. 

 

 



101 

 

Figure 4.37 EIS results of N-rGO40, N-rGO40-V1, N-rGO40-V3 and N-rGO40-V5 SCs 

coin cell. 

Table 4.15 Electrochemical performance results of N-rGO40, N-rGO40-V1, N-rGO40-

V3 and N-rGO40-V5 SCs coin cells. 

Electrode GCD  CV EIS 

Best Csp 

(F g-1) 

Position 

of  

pseudo-

peak (V) 

Best Csp 

(F g-1) 

Position of  

pseudo-peak 

(V) 

Re Re +R͚  Slope at RD region and 

slope at low f 

N-rGO40 145 0.3-0.4 114 0.3-0.5 0.9 1.7 N-rGO40-V5 > N-

rGO40-V1 N-rGO40-V3 

> N-rGO40 

N-rGO40-

V1 

158 - 125 - 1.0 1.7 

N-rGO40- 

V3 

191 - 158 - 0.5 1.4 

N-rGO40-

V5 

214 - 166 - 0.3 1.0 
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 4.4.1.7 The specific capacitance of N-rGO40, N-rGO40-V3-3V, N-rGO40-V3-7V, 

and N-rGO40-V3-10.2V SCs coin cells. 

 Moreover, N-rGO40 were further treated using VLT process with 

varies intensity of violet laser via changing applied voltage for 0 V (N-rGO40 or non-

treated), 3 V, 7 V, and 10.2 V (maximum applied voltage), called N-rGO40-V3-3V, N-

rGO40-V3-7V, and N-rGO40-V3-3V electrodes were tested with operating voltage from 1 

V to 1.0 V with both CV and GCD showed as shown in Figure 4.38. GCD showed a 

triangular charge/ discharge curve which discharge time of electrodes with VLT treatment 

showed longer than non-treated. CVs loops exhibited a quasi-rectangular shape with a pair 

of small board oxidation that mean mainly electrical double layer capacitive (EDLC) with 

pseudo-capacitive behavior in N-rGO40. Moreover, CVs graph showed bigger loops when 

supercapacitors were used VLT electrode. Those mean VLT treatment can enhance 

capacitive performance of N-rGO40 based electrode when approach enough laser intensity 

or applying voltage more than 3 volt. 
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Figure 4.38 GCD and CV results of N-rGO40, N-rGO40-V3-3V, N-rGO40-V3-7V and 

N- N-rGO40-V3-10.2V SCs coin cells. 

 Figure 4.39 showed trend of the specific capacitance with constant 

current in GCD and potential scan rate for CV. The trend results showed VLT treatment 
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can clearly improve of performance of supercapacitor via increase EDLCs mechanism as 

well as pseudocapacitance or redox reaction. 

 

Figure 4.39 Calculated the specific capacitance from GCD and CV results of N-rGO40, 

N-rGO40-V3-3V, N-rGO40-V3-7V and N- N-rGO40-V3-10.2V SCs coin cells. 

 

 4.4.1.8 EIS of N-rGO40, N-rGO40-V3-3V, N-rGO40-V3-7V, and N-rGO40-V3-

10.2V SCs coin cells. 

  The electrochemical behavior at the electrode/electrolyte interface was 

reported by EIS, showed all VLT treatment 3 cycle and more cycles with using applied 

voltage more than 7 volt. These mentioned conditions showed achievement of the 

decreasing for electrode resistance and electrode /electrolyte resistance and increase 

charge diffusion rate as shown in Figure 4.40 and Table 4.16. For -rGO40-V3, 3V, the 

difference of EIS feature showed lower N slope for RD region that can be explained by 

higher diffusion resistance. 
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Figure 4.40 EIS of N-rGO40, N-rGO40-V3-3V, N-rGO40-V3-7V and N- N-rGO40-V3-

10.2V SCs coin cell. 

 

Table 4.16 Electrochemical performance results of N-rGO40, N-rGO40-V3 with varies 

intensity via applied voltage as 3, 7, and 10.2 V SCs coin cells. 

Electrode GCD  CV EIS 

Best Csp 

(F g-1) 

Position 

of  

pseudo-

peak (V) 

Best Csp 

(F g-1) 

Position of  

pseudo-peak 

(V) 

Re Re +R͚  Slope at RD region and 

slope at low f 

N-rGO40 145 0.3-0.4 114 0.3-0.5 0.9 1.7 N-rGO40-V3, 7V > N-

rGO40-V3, 10.2V > N-

rGO40-V3, 3V > N-

rGO40 

N-rGO40-

V3, 3V 

140 - 128 - 0.7 1.7 

N-rGO40-

V3, 7V 

177 - 137 - 0.5 2.4 

N-rGO40- 

V3, 10.2V 

191 - 158 - 0.5 1.4 
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4.4.1.9 The specific capacitance of N-rGO60, N-rGO60-V1, N-rGO60-V3, 

and N-rGO60-V5 SCs coin cells 

 Coin cell supercapacitor with N-rGO60, N-rGO60-V1, N-rGO60-V3 

and N-rGO60-V5 electrodes were tested with operating voltage from 1 V to 1.0 V with 

both CV and GCD showed as shown in Figure 4.41. GCD showed a triangular charge/ 

discharge curve which discharge time of electrodes with VLT treatment showed longer 

than non-treated. CVs loops exhibited a quasi-rectangular shape that mean mainly 

electrical double layer capacitive (EDLC). Moreover, CVs graph showed bigger loops 

when supercapacitors were used VLT electrode. Those mean VLT treatment can enhance 

capacitive performance of N-rGO60 based electrode. 
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Figure 4.41 GCD and CV results of N-rGO60, N-rGO60-V1, N-rGO60-V3 and N-

rGO60-V5 SCs coin cells. 
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Figure 4.42 showed trend of the specific capacitance with constant 

current in GCD and potential scan rate for CV. The trend results showed VLT treatment 

can clearly improve of performance of supercapacitor via increase EDLCs.  

 

Figure 4.42 Calculated the specific capacitance from GCD and CV results of N-rGO60, 

N-rGO60-V1, N-rGO60-V3 and N-rGO60-V5 SCs coin cell. 

 

 4.4.1.10 EIS of N-rGO60, N-rGO60-V1, N-rGO60-V3, and N-rGO60-V5 

SCs coin cells 

 The electrochemical behavior at the electrode/electrolyte interface was 

reported by EIS, All N-rGO60 with VLT (1, 3, 5 cycle) can decrease electrode resistance 

(Re) and electrode/electrolyte resistance (Re +R͚) although charge diffusion showed quite 

same rate for non-treat SCs coin cell as shown in Figure 4.43 and Table 4.17. 
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Figure 4.43 EIS results of N-rGO60, N-rGO60-V1, N-rGO60-V3 and N-rGO60-V5 SCs 

coin cells. 

 

Table 4.17 Electrochemical performance results of N-rGO60, N-rGO60-V1, N-rGO60-

V3 and N-rGO60-V5 SCs coin cells. 

Electrode GCD  CV EIS 

Best Csp 

(F g-1) 

Position 

of  

pseudo-

peak (V) 

Best Csp 

(F g-1) 

Position of  

pseudo-peak 

(V) 

Re Re +  Slope at RD region and 

slope at low f 

N-rGO60 81 - 66 - 1.8 2.9 N-rGO60-V3 ≈ N-

rGO60-V1 ≈ N-rGO60 > 

N-rGO60-V5 

N-rGO60-

V1 

171 - 130 - 1.7 1.9 

N-rGO60-

V3 

117 - 96 - 1.7 3.1 

N-rGO60-

V5 

104 - 91 - 0.8 1.8 
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 To study influence of treatment time for violet light laser, Table 4.18 

showed comparative results of N-rGO40, N-rGO40-V3-3V, N-rGO40-V3-7V and N- N-

rGO40-V3-10.2V SCs coin cells. These results showed the using VLT technique to 

enahace performance of SCs electrode. Enough treatment time or repeating cycle of VLT 

must higher than 3 cycles. 

Table 4.18 The operating voltage, charging and discharging time, specific capacitances, 

energy densities and power densities of SCs using rGO, rGO-VX, N-rGOY and N-rGOY-

VX SCs coin cells in 1 M H2SO4 at 0.125 A g-1. 

Electrode-(treated 

step with 10.2 V) 

𝜟V (V) 𝜟tdischarge (s) Csp (F g-1) E (W h kg-1) P (W kg-1) 

rGO  0.93 45 24.2 0.7 58.1 

rGO-V1 0.97 58.2 30 1.0 60.6 

rGO-V3 0.98 104 53.1 1.8 61.3 

rGO-V5 0.98 126 64.3 2.1 61.3 

N-rGO20 0.99 129 65.2 2.2 61.8 

N-rGO20-V1 0.99 268 134.7 4.6 62.2 

N-rGO20-V3 0.99 237 119.1 4.1 62.2 

N-rGO20-V5 0.99 413 208.6 7.1 61.9 

N-rGO40 0.99 294 149 5.1 61.9 

N-rGO40-V1 0.99 423 214 7.3 61.9 

N-rGO40-V3 0.99 377 190.5 6.5 61.9 

N-rGO40-V5 0.99 313 158.1 5.4 61.9 

N-rGO60 0.99 161 81.3 2.8 61.9 

N-rGO60-V1 0.99 340 170.9 5.9 62.2 

N-rGO60-V3 0.99 230 116.2 4.0 61.9 

N-rGO60-V5 0.99 201 102 3.5 61.9 
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Moreover, to study influence of intensity of violet light laser, Table 

4.19 showed comparative results of N-rGO40, N-rGO40-V3-3V, N-rGO40-V3-7V and 

N- N-rGO40-V3-10.2V SCs coin cells. These results showed the using VLT technique to 

enahace performance of SCs electrode. Enough intensity of violet laserlight must also 

more than appling voltage for 7 V (approximate > 500 mW from forecast) 

Table 4.19 The operating voltage, charging and discharging time, specific capacitances, 

energy densities and power densities of SCs using N-rGO40 and varies laser intensity 

with 3 treated cycles in 1 M H2SO4 at 0.125 A g-1. 

N-rGO40 Electrode 𝜟V (V) 𝜟tdischarge (s) Csp (F g-1) E (W h kg-1) P (W kg-1) 

Non treat 0.99 294 149 5.1 61.9 

3 V 0.99 274 138 4.7 61.7 

7 V 0.99 351 177.5 6.0 61.9 

10.2 V 0.99 377 190.5 6.5 61.9 

 

 4.4.1.11 Capacitive retention of N-rGO40 and N-rGO40-V5 SCs coin cells. 

 To show long term stabilities of a coin cell supercapacitors, only rGO 

and N-rGO40 cells were tested capacitive retention with GCD at 1 A g-1 for 10,000 

cycles. Subsequently, the specific capacitance and percentage of capacitive retention of 

N-rGO40 SCs coin cell was a bit greater than that of N-rGO40-V5 SCs coin cell after 

10,000 charge-discharge cycles as shown in Figure 4.44. That can imply VLT treatment, 

do not have significant on life cycle for supercapacitor electrode. Unfortunately, we have 

available cells for testing only N-rGO40, and N-rGO40-V5 coin cell supercapacitor. 
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Figure 4.44 Percentage and the specific capacitance of capacitive retentions of rGO and 

N-rGO40 SCs coin cells. 

 

 4.4.1.12 Leakage current of some N-rGOY-X SCs coin cells 

 Moreover, violet laser treatment (VLT) treatment on graphene oxide-

based electrode can obviously help the decreasing of leakage current and self-discharge, 

compare with non-treated (rGO and N-rGO40 as well as N-rGO20) as shown in Figure 

4.45. Unfortunately, we have available cells for testing only rGO, rGO-V5, N-rGO20, N-

rGO40, N-rGO40-V1, N-rGO40-V3, and N-rGO40-V5 coin cell supercapacitor. 
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 Figure 4.45 Leakage current of some N-rGOY-VX coin cells 

 

These electrochemical performances showed suitable condition for 

VLT treatment on rGO and N-rGOY electrode.  These are intensity of violet laser should 

in range of applying 7 – 10.2 V (our experiment cannot provide for higher voltage) and 

the increase of repeating number of VLT treatment effect to improve electrochemical 

performance via 3 cycles and showed highest at 5 cycles of treatment which is clearly 

implied the best condition. Moreover, there are some not clear factors about 1 cycle of 

treatment that mean for obvious improving then we should use suitable repeating number 

of VLT treatment as well. 

 4.4.2 Charcterization of rGO, rGO-VX, N-rGOY and N-rGOY-VX electrodes 

4.4.2.1 Scanning electron microscopy 

 To clarly show surface transformation, Figure 4.46 (a) - (e) shows SEM 

images of the changing of surface morphologies of N-rGO before and after irradiation by 
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violet laser with the different number of VLT treatments.  Figure 4.46 (a)-(h) are the top-

view images taken from the N-rGO40 and N-rGO40-VX electrode (X = 1, 3, and 5), 

respectively. All N-rGO-based samples exhibited the wrinkly surface of graphene with 

many nanoparticles’ distribution on their surface, while the rGO showed a smoother 

surface without some nano sizes, as shown in Figure 4.12 (a). The surfaces of N-rGO40 

electrode were more roughness than rGO electrode owing to a hydrothermal method with 

urea. The N-rGO samples are expected to exhibit better electrochemical properties 

compared to the rGO sample. Therefore, N-rGO electrode was chosen for VLT treatment. 

It was also found that the surface of the N-rGO samples became more roughness and 

exfoliation when the number of the repeating cycle of VLT increased. More interesting 

results were observed in the higher magnification SEM images as shown in Figure 4.46 

(d), (f), (h). The bright spots appeared on the sample surface after VLT, and their size 

was enlarged by the laser fluence or the repeating cycle of VLT. Moreover, Figure 4.46 

(i), and (j) showed interface view of electrode where between of N-rGO40 and N-rGO40-

V5 region that clearly exhibited exforliated surface after VLT.  
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Figure 4.46 SEM images of N-rGO40 (a) (b), N-rGO40-V1 (c) (d), N-rGO40-V3 (e) (f) 

and N-rGO40-V5 (g) (h) electrode, Top view of interface between N-rGO40 and N-

rGO40-V5 (i) electrode, and side view of interface of electrode for showing the 

difference between of N-rGO40 and N-rGO40-V5 region (j). 
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  4.4.2.2 X-ray diffraction (XRD) 

  According to previous XRD in chapter V already identified diffraction 

plan. Here, we need to show importance evidence for supporting exfoliated surface and 

higher porosity of electrode after VLT treatment as shown in Figure 4.47. This is plan 

peak shift to lower 2𝝧 which can be attributed using Bragg’s law to imply increasing of 

d-spacing (S.-Y. Lee and Park, 2014) (Nguyen and Baird, 2007). Moreover, higher 

counts of each peak also showed more plan or state in same plan peak after VLT 

treatment. There are obviously peak via (002), (103), and (220), corresponding to 

graphitic plan, carbon black, resepctively which showed as above explanation. 

 

Figure 4.47 XRD results of comparative result of rGO, rGO-V5 electrode ( a) , and N-

rGO40, N-rGO40-V5 electrode (b). 
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4.4.2.3 X-ray photoelectron spectroscopy 

 To overall observation of chemical composition changing, X-ray 

photoelectron spectroscopy (XPS) were performed to investigate chemical compositions 

on rGO, rGO-V5, all N-rGOY, and all N-rGOY-V5 electrodes. Wide scans of these 

electrodes were recorded in the binding energies range from 0 to 550 eV which included 

carbon, oxygen on all electrodes and a little nitrogen peak on N-rGO20, N-rGO40 and N-

rGO60 electrode as shown in Figure 4.48 (a)- Figure 4.51 (a). These spectra showed 

decrease of O1s peak intensity with increasing of C1s peak intensity after VLT treatment 

which can implied the removing of oxygen functional group on electrode surface. 

To analysis surface chemical compositions, the high resolution XPS 

spectra of C1s signal of rGO, rGO-V5, all N-rGOY, and all N-rGOY-V5 electrodes are 

displayed in Figure 4.48 (b), (c) – Figure 4.51 (b), (c). The XPS spectrum of C1s 

comprised C=C (sp2), C-O/C-N, C=O/C=N, COOH, CHF, and C-F at binding energies of 

284.5, 285.3, 286.8, 288.4, 289.2 and 292 eV, respectively (Zhuo et al., 2015) (K. H. An 

et al., 2002) (Biniak et al., 1997) (Kelemen and Kwiatek, 1995). These spectra showed 

increasing intensity peak of C=C (sp2) with decrease of other peaks and related with 

relative C=C (sp2) ratio as shown in Table 4.20. 

 To check oxygen species, the signal of O1s of all electrodes are shown 

oxygen-containing functional groups such as C=O, C-OH/C-O-C, and COOH/water at 

binding energies of 531.5, 533.0, 534.5 eV, respectively (Zielke et al., 1996) (Lorenc-

Grabowska et al., 2013) as shown in Figure 4.48 (d), (e)- 4.51 (d), (e). These spectra 

showed VLT treatment, might not significantly affect to species of oxygen because ratio 

peaks of each bonding are quite same as shown in Table 4.21. 
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 Moreover, N1s peak of all electrodes, revealed nitrogen-containing 

functional groups such pyridinic-N, pyrrolic-N, and quaternary-N at binding energies of 

398.0, 400.0 and 402.0 eV, respectively (Kapteijn et al., 1999) (Lorenc-Grabowska et al., 

2013) (Śliwak et al., 2017) as shown in Figure 4.48 (f), (g)- 4.51 (f), (g). These spectra 

showed VLT treatment, mainly effect to remove pyridinic-N, pyrrolic-N but quaternary-

N is quite same amount when amount of N species calculated ratio with quaternary-N as 

shown in Table 4.22. 

 

Figure 4.48 Wide scan rGO and rGO-V5 (a), C1s of rGO (b), C1s of rGO-V5 (c), O1s of 

rGO (d), and O1s of rGO-V5 (e) electrodes. 
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Figure 4.49 Wide scan N-rGO20 and N-rGO20-V5 (a), C1s of N-rGO20 (b), C1s of N-

rGO20 -V5 (c), O1s of N-rGO20 (d), O1s of N-rGO20 -V5 (e), N1s of N-rGO20 (f), N1s 

of N-rGO20 -V5 (g) electrodes. 
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Figure 4.50 Wide scan N-rGO40 and N-rGO40-V5 (a), C1s of N-rGO40 (b), C1s of N-

rGO40 -V5 (c), O1s of N-rGO40 (d), O1s of N-rGO40 -V5 (e), N1s of N-rGO40 (f), N1s 

of N-rGO40 -V5 (g) electrodes. 
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Figure 4.51 Wide scan N-rGO60 and N-rGO60-V5 (a), C1s of N-rGO60 (b), C1s of N-

rGO60 -V5 (c), O1s of N-rGO60 (d), O1s of N-rGO60 -V5 (e), N1s of N-rGO60 (f), N1s 

of N-rGO60 -V5 (g) electrodes. 
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Table 4.20 The results of XPS curve-fitting of C1s from Figure 5.22 (b), (c)- Figure 5.25 

(b), (c). 

Electrode Position of each bonding at C1s Relative 

C=C (sp2) sp2 C-O/C-N C=O/C=N COOH CHF C-F 

rGO-V5 284.4 285.6 287.0 288.8 290.6 292.1 0.71 

N-rGO20-V5 284.2 285.4 286.9 288.8 290.6 292.4 0.64 

N-rGO40-V5 284.2 285.3 286.9 288.6 290.4 292.2 0.74 

N-rGO60-V5 284.3 285.4 286.9 288.7 290.6 292.42 0.65 

 

Table 4.21 The results of XPS curve-fitting of O1s from Figure 5.22 (d), (e)- Figure 5.25 

(d), (e). 

electrode Position of each bonding at O1s Area of each bonding at O1s 

C=O C-OH/C-O-C COOH/water C=O C-OH/C-O-C COOH/water 

rGO-V5 531.3 533.1 535.0 44.94 43.86 11.20 

N-rGO20-V5 531.4 533.2 535.0 41.72 35.21 23.07 

N-rGO40-V5 531.2 533.2 535.0 39.06 42.65 18.29 

N-rGO60-V5 531.2 533.1 535.0 44.71 39.97 15.33 
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Table 4.22 The results of XPS curve-fitting of N1s from Figure 5.23 (f), (g)- Figure 5.25 

(f), (g). 

electrode Position of each bonding at N1s Area of each bonding at N1s 

pyridinic-N pyrrolic-N quaternary-N pyridinic-N pyrrolic-N quaternary-N 

N-rGO20-V5 398.4 400.3 402.1 11.81 37.24 50.95 

N-rGO40-V5 399.3 400.2 40.2.2 29.51 29.08 41.41 

N-rGO60-V5 399.3 400.5 402.3 17.43 23.35 59.22 

 

To clearer investigate step transformation and more analyze surface chemical 

compositions, X-ray photoemission spectroscope (XPS) was performed. Figure 4.52 

display the survey scan XPS of N-rGO and N-rGO-V5 electrodes showing three signals 

of carbon, nitrogen, and oxygen at binding energies of ~281.0 eV, ~ 400.0 eV, ~ 532.0 

eV, respectively, demonstrating nitrogen being successfully doped into graphene 

frameworks. It can be seen that after VLT treatment, the magnitude of O 1s and N 1s 

peaks decreased, while that of C 1s was still the same meaning that oxygen- and nitrogen-

containing functional groups are partially removed by violet laser because binding 

energies of C-O and C-N are lower than the photon energy of violet laser (Souto, 

Pickholz, Dos Santos, and Alvarez, 1998). Figure 5.26 (b) – (d) illustrate the high-

resolution core-level XPS spectra of C1s signal for N-rGO, N-rGO-V1, N-rGO-V3, and 

N-rGO-V5 electrodes, respectively. In the case of C1s peak of all samples, it can be 

composed into five components including C=C sp2 , C-O/N , C=O/N, COOH, and C-F 

located at a binding energy of 284.0, 286.0, 287.0, 288.5, and 289.5 eV, respectively 

(Burke, 2000) (K. H. An et al., 2002). It can be confirmed the surface of as-prepared 

samples consisting of oxygen- and nitrogen-containing functional groups as well as 

fluorine from polyvinylidene fluoride (PVDF) as a binder. To investigate the effect of 

cycling number of VLT treatment on the effectively chemically functional groups 
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removing, Figure 4.52 (f) and (d) illustrating the graphs plotted between percentage 

number of different functional groups such as C=C sp2, C-O/N, C=O/N, COOH, and C-F. 

As result, the rapid increase in percentage amount of C=C double bond with sp2 

hybridization, and the slightly rising percentage amount of C=O/N, and COOH with 

repeating of VLT treatment were observed. It means an improvement of electrically 

conductive properties and an increase in quinone group, which is oxidized derivatives of 

aromatic compounds, as well as carboxylic groups on edge on graphene structures. On 

the other hand, a decrease in the amount of C-O/N and C-F with repeating of VLT 

treatment was found. The decreasing amount of C-O/C-N confirms an enhancement of 

C=C double bond with sp2 hybridization and reduction of oxygen/nitrogen functional 

groups on graphene. Moreover, the decrease in C-F meaning the PVDF as a binder was 

partially removed.  
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Figure 4.52 Survey scan XPS spectra of ( a)  of N-rGO and N-rGO-V5 electrode, high-

resolution XPS spectra of C1s signal for (b) N-rGO, (c) N-rGO-V1, (d) N-rGO-V3 and 

(e) N-rGO-V5 electrode, (f) percentage amount of C= C sp2 and C-O/N, species and (g) 

percentage amount of C=O/N, COOH, and C-F species concerning the repeating number 

of VLT treatments. 
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 4.4.2.4 Raman spectroscopy 

 To investigate step transformation of the formation of C=C sp2 

graphitic carbon in graphene with the repeating number of VLT treatment, N-rGO40 was 

used to be representative. Raman spectra of N-rGO, N-rGO-V1, N-rGO-V3, and N-rGO-

V5 electrode. The Raman spectra were deconvoluted based on Lorentzian functions for 

D- and G- bands and based on Gaussian function for D ́- and D ́ ́- bands in range of 1000-

1800 cm-1 (Berrellez-Reyes and Alvarez-Garcia, 2019) (Claramunt et al., 2015). As 

results, there were four deconvolution peaks located at ~1618, ~1590, ~1520, and ~1345 

cm-1 corresponding to disorder-induced phonon mode due to crystal defects (D ́-band), 

graphitic carbon phase with C=C double bond with sp2-hybridization (G-band), 

amorphous sp2-bonded carbons or interstitial defects (D ́ ́ -band), and defect graphite 

structure (D -band), respectively (Tuinstra and Koenig, 1970) (X. Zhao and Ando, 1998) 

(Ferrari and Robertson, 2000). The fitted data of Raman spectra curves of all 

deconvoluted signals are summarized in Table 4.23. Also, the decrease in the intensity 

ratios between D-band and G-band (ID/IG) and between D”-band and G-band (ID”/IG) 

reflects an increase in the degree of C=C sp2-bonded graphitization, which is implied re-

establishment of sp2 electron configuration. Furthermore, the results show that the values 

of ID/IG and ID”/IG ratios decreased with the repeating number of VLT treatments 

signifying an increase in C=C double bond with sp2 hybridization content and successful 

reductions of oxygen/nitrogen-containing functional groups on graphene via VLT 

treatment (Claramunt et al., 2015) (Childres et al., 2013). Besides, the effect of the 

repeating number of VLT treatments on the shift of the G-band peak position was further 

investigated, as displayed in Figure 4.53. After repeating VLT for 5th cycles, the peak 

position of G-band for N-rGO-V5 electrode (1583.4 cm-1) was significantly shifted to 
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lower wavenumber, compared to that of N-rGO electrode (1590.1 cm-1), which can be 

clarified a transition from an amorphous to a more crystalline carbon state of graphene 

(Strong et al., 2012), while others were still located at the same position. 

 

Figure 4.53 Raman spectroscopy result of N-rGO40, N-rGO40-V1, N-rGO40-V3 and N-

rGO40-V5 electrodes. 
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Table 4.23 The fitted data and analyzed data of Raman spectra curves. 

electrode ID/IG ID”/IG Position Area 

D D” G D’ D D” G D’ 

N-rGO40 2.98 0.32 1348.1 1520.9 1590.1 1618.3 159.2 17.0 53.4 13.8 

N-rGO40-V1 2.83 0.24 1348.1 1520.1 1589.7 1618.0 177.4 15.1 62.7 13.0 

N-rGO40-V3 1.31 0.07 1348.3 1521.0 1587.8 1620.0 98.9 5.3 75.5 5.3 

N-rGO40-V5 1.07 - 1346.5 - 1583.4 1618.5 74.9 - 69.6 4.0 

 

To investigate the effect of the repeating number of VLT treatment on the 

formation of C=C sp2 graphitic carbon in graphene in all conditions, Raman spectroscopy 

were also performed to measure rGO, N-rGO20, N-rGO60 electrode and their electrode 

which were treated with 5 VLT treatment cycle. All pair studied electrode such rGO and 

rGO-V5, N-rGO20 and N-rGO-V5, N-rGO60 and N-rGO60-V5 electrode showed 

decreasing of ID/IG and ID”/IG and G band peak showed shift to lower wavenumber (red 

shift) as shown in Figure 4.54. 
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Figure 4.54 Comparative Raman spectroscopy result for rGO, rGO-V5, N-rGO20, N-

rGO20-V5, N-rGO60, and N-rGO60-V5 electrodes. 
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Table 4.24 The fitted data and analyzed data of Raman spectra curves. 

electrode ID/IG ID”/IG Position Area 

D D” G D’ D D” G D’ 

rGO 1.71 0.23 1340.9 1520.5 1584.6 1620.9 137.2 18.1 80.1 8.2 

rGO-V5 1.59 0.22 1348.9 1519.6 1589.0 1619.8 148.5 21.0 93.2 4.8 

N-rGO20 1.51 0.13 1338.4 1520.6 1580.8 1618.7 139.9 12.2 92.8 1.5 

N-rGO20-V5 1.26 - 1336.8 - 1578.8 1620.6 124.0 - 98.5 0.6 

N-rGO60 1.66 0.16 1336.7 1518.5 1580.2 1619.6 144.9 13.7 87.4 1.1 

N-rGO60-V5 1.18 - 1336.9 - 1578.6 1620.4 124.3 - 105.4 0.5 

 

  4.4.2.5 Contact angle 

  Wettability of VLT treated electrode were decreased and more 

decreasing when the repeating number of VLT treatment increase. These results are 

expectation results which oxygen functional group or heteroatom were removed then 

contact angle will be increased as shown in Figure 4.55. Unfortunately. VLT treatment 

affect on these electrodes with worse for this a characterized aspect because we need to 

enhance wettablility for SCs electrode. 
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Figure 4.55 Picture and results of contact angle of all electrodes ( rGO, rGO-VX, N-

rGOY, and N-rGOY-VX). 

 

 Figure 4.56 showed contact angle for all electrode which exhibited 

increasing trend of contact angle with increase the repeating number of VLT treatment. 

These results were explained using removing of heteroatom from electrode surface 

(Szczodrowski et al., 2009). 
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Figure 4.56 Results of contact angle of all electrodes (rGO, rGO-VX, N-rGOY, and N-

rGOY-VX electrodes). 
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CHAPTER V 

CONCLUSIONS 

 

Graphene oxide was completely synthesized using Hummers method via 

characterizing with many technique and in agreement with other research. Further, 

intrinsic properties of graphene oxide were improve using hydrothermal method with 

varies urea concentrations in DI water (Y is urea concentration), called N-rGOY. This 

technique provided higher the specific capacitance for all doping conditions which were 

attributed the improvement by 3 species of nitrogen doping in graphene oxide structure 

such pyridinic-N, pyrrolic-N, and quaternary/graphitic-N. There are reasons that can be 

attributed best urea concentration is 40% w/v such highest present of pyridinic-N that 

might be caused pseudocapacitance, suitable and optimal concentration for introducing of 

nitrogen into carbon in graphene oxide structure with lowest of creation insulating urea 

blocking active sites of graphene which cause from excess amount of urea concentration. 

Furthermore, rGO, N-rGO, and NandS-rGO which is performed from thiourea doping 

showed comparative study to show monomer doping is a better condition than co-doping 

because N-rGO showed higher rate introducing of nitrogen atom to replace carbon atom 

for quaternary/graphitic-N. Electrical conductivity is showed as significant factor more 

than pseudocapacitance for supercapacitor application. 

The surface of rGO, N-rGOY was successfully modified by the VLT technique 

(called rGO-VX, and N-rGOY-VX). To achieve better performance, VLT machine must 

be set the repeating number more than 3-5 cycles and intensity for more than 7-10.2 V 

via applied voltage. The morphologies of N-rGO-VX were examined by the SEM, which 
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exhibited a rougher surface with many bright spots appearing on their surface. The XPS 

confirms VLT technique can increase the degree of C=C sp2-bonded graphitization, 

which reflects the re-establishment of sp2 electron configuration, while can decrease in 

oxygen-containing functional groups demonstrating partially reduced graphene oxide by 

VLT technique. The Raman spectroscopy of electrodes showed the decrease in the 

intensity ratios between ID/IG and ID”/IG with the repeating number of VLT treatments, 

confirming an increase in the degree of C=C sp2-bonded graphitization. The specific 

capacitances notably increase with the increasing relative ratio of C=C sp2, while those 

fell off with a rising in ID/IG and ID”/IG ratios. Particularly, the N-rGO-V5 exhibited the 

highest specific capacitance with excellent stability and a low self-discharging rate. The 

improvement of electrochemical properties is due to the synergistic effect of nitrogen 

contents in N-rGO and the repeating number of VLT treatments. Therefore, these 

nitrogens doped reduced graphene oxide (N-rGO) and violet laser treating (VLT) 

technique might be a promising method to enhance supercapacitors electrode 

performance for large-scale in industry. 
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Manuscript was publicated as Nathabumroong, S., Poochai, C., Chanlek, N., Eknapakul, 

T., Sonsupap, S., Tuichai, W., Sriprachuabwong, C., Tuantranont, A., Rujirawat, S., 

Songsiriritthigul, Pand Yimnirun, R. (2021). Enhanced surface and electrochemical 

properties of nitrogen-doped reduced graphene oxide by violet laser treatment for high 

charge storage and lower self-discharge supercapacitors. Journal of Power Sources, 513, 

230517. 

Enhanced surface and electrochemical properties of nitrogen-doped reduced 

graphene oxide by violet laser treatment for high charge storage and lower self-

discharge supercapacitors 

Sarawudh Nathabumroonga, Chatwarin Poochaib, Narong Chanlekc, Tanachat Eknapakula, Somchai Sonsupapa, Wattana Tuichaid, 

Chakrit Sriprachuabwongb, Saroj Rujirawatc, Prayoon Songsiriritthigula, Adisorn Tuantranontb, Rattikorn Yimnirune,f,* 
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dDepartment of Physics, Faculty of Science, Khon Kaen University, Khon Kaen, 40002, Thailand 
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fResearch Network of NANOTEC-VISTEC on Nanotechnology for Energy, Vidyasirimedhi Institute of Science and Technology 

(VISTEC), Wangchan, Rayong, 21210, Thailand 
 

This work demonstrated that the performance improvement of nitrogen-doped reduced 

graphene oxide (N-rGO) electrodes over reduced graphene oxide (rGO) electrodes for 

supercapacitors could be further enhanced by violet laser treatment (VLT). A specific 

capacitance of 30 and 145 Fg-1 was obtained for rGO and N-rGO electrodes, respectively. 

When using N-rGO with proper VLT, a high specific capacitance of 214 F g-1 could be 

achieved. In addition, the percentage of capacitive retention of the N-rGO with VLT 

remaining 94% after 10,000 cycles with a slower self-discharge rate at 0.55 V h-1, 

comparing to 0.91 V h-1 for N-rGO. Systematic investigations of N-rGO with VLT were 

carried out by using different film characterization techniques. The surfaces of N-rGO 

with VLT exhibit an increase in the number of exfoliated graphene oxide sheets with 

more roughness when increasing the fluence of laser. It was also found that there are the 

decrease in oxygen/nitrogen-containing functional groups contents and the increases in 

graphitic carbon phase with C–C sp2-hybridization with the influence of laser. These 

may explain the improvements of the reported charge storage ability, electrode stability, 

and self-discharge rate. 
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High performance of hybrid Li-ion supercapacitors using N-doped reduce graphene 

oxide as cathode active material 

 

S. Nathabumroong1, C. Poochai2, P. Thangdee1, A. Tuantranont2,  

S. Rujirawat1, and R. Yimnirun3 

1School of Physics, Institute of Science, and NANOTEC-SUT COE on Advanced 

Functional Nanomaterials, Suranaree University of Technology, NakhonRatchasima, 

30000, Thailand 
2National Electronics and Computer Technology Center (NECTEC), Pathum Thani, 

12120, Thailand 
3School of Energy Science and Engineering, Vidyasirimedhi Instituteof Science and 

Technology, Rayong, 21210, Thailand 
*Corresponding Author: sn_1779@hotmail.com 

 

Lithium–ion hybrid supercapacitors (LIHSs) are interesting energy storage 

devices which exhibit integrating both advantages as the rapid charge-discharge and long 

life cycle of supercapacitors and high energy-stored capacity of lithium-ion batteries. 

Hence, they have been applied to several applications such as electric drive vehicles and 

some industries etc. Herein, N-doped reduced graphene oxide (N-rGO) was synthesized 

via hydrothermal technique with various concentrations of urea. Then, the obtained 

materials were utilized as a cathode material in the hybrid Li-ion supercapacitor 

consisting of lithium foil as an anode and lithium bis(trifluoromethylsulphonyl)imide 

(LiTFSi) as an organic electrolyte. Our cathode materials were examined their 

morphology by scanning electron microscope (SEM), transmission electron microscopy 

(TEM), X-ray diffraction (XRD), and Raman spectroscopy. Moreover, our 

electrochemical properties of hybrid Li-ion supercapacitors were characterized by 

galvanostatic charge/discharge (GCD), electrochemical impedance spectroscopy (EIS), 

and stability testing to evaluate their performance. 
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Comparison properties of reduced graphene oxide (rGO) nitrogen doped reduced 

graphene oxide (N-rGO) and nitrogen and sulfur co-doped reduced graphene oxide 

(NandS-rGO) electrodes for symmetric supercapacitors 
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Symmetric supercapacitors ( SCs)  is energy storage that consist of two same 

electrodes sandwich separator which soak with electrolyte.  reduced graphene oxide 

( rGO)  is a widely used materials for SCs electrode.  To improve properties, rGO was 

proposed to functionalize with urea and thiourea, called N-rGO and NandS-rGO, 

respectively.  Both urea and thiourea simply synthesized by a hydrothermal technique 

with graphene oxide by same 30 % w/ v in concentration.  Both aqueous and organic 

electrolyte were used for assembly.  Nitrogen can improve via enhance conductivity and 

pseudocapacitance. Sulfur help more hydrophilicity. Performance of symmetric SCs coin 

cells were evaluated and showed both urea and thiourea doping which are enhance the 

specific capacitance for both electrolytes higher 100%  compare with rGO by using 

galvanostatic charge/ discharge ( GCD)  and cyclic voltammetry ( CV) .  Subsequently, 

electrodes were characterized by using X-ray diffraction (XRD), Raman spectroscopy, X-

ray photoelectron spectroscopy ( XPS) , scanning electron microscopy ( SEM) , Fourier 

transform-infrared (FT-IR) and contact angle to investigate surface electrodes. 

Keyword: reduced graphene oxide, nitrogen doped reduced graphene oxide, nitrogen and 

sulfur doped reduced graphene oxide, the specific capacitance 
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