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Abstract 

In this work, reduced graphene oxide (RG), sulphur-doped graphene (SG), and their respective 

composites with curcumin were synthesized and characterized for super capacitance and 

electrochemical H2O2 sensing applications. RG and SG were synthesized by a green one-pot 

hydrothermal method at a low temperature of 180º C. These samples were further used in oil bath 

heat treatment to synthesize the Curcumin@graphene composites. The morphological, and 

structural analysis of synthesized samples was done using Scanning Electron Microscopy, X-ray 

Diffraction, and Fourier Transform Infrared spectroscopy. Additionally, FTIR spectra offered 

valuable insights into the chemical functional groups and bonding characteristics of the materials. 

The SG electrode displayed a remarkable specific capacitance (Csp) of 139.32 F/g at a scan rate of 

3 mV/s, outperforming both RG and GO electrodes. The notable enhancement in capacitance can 

be attributed to the introduction of sulfur doping, which created abundant open-edge sites and 

defects within the graphitic frameworks. These structural modifications led to increased spin 

densities and the creation of more active sites for charge storage. Therefore, it was confirmed that 

sulfur doping of graphene-based electrode materials is an effective approach to improve their 

electrochemical performances. Curcumin@graphene composites were found to have enhanced the 

electrochemical performance. The SG-Cur composite showed excellent enhanced capacitance of 

214.18 F/g at 3 mV/s and also had a higher ECSA value = 2021 as compared with SG (215.62) 

The strong interlinking between sulphur and curcumin within the composite enables efficient 

charge migration, resulting in higher electrochemical performance. Excellent hydrogen peroxide 

sensing performance was shown by the RG sample with 0.0069 μM limit of detection (LOD) in a 

2-12 mM range. This excellent performance can be attributed to the high ESCA (1045.5) of the 

RG sample. The highly porous structure, chemical stability, and high specific surface area of the 

curcumin@graphene composite electrode are believed to be the reasons behind their excellent 

supercapacitance. Reduced sensing performance of Curcumin@graphene samples for H2O2 

detection can be attributed to interlinking between curcumin and graphene-based samples resulting 

in decrease ECSA. 
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CHAPTER 1 

Introduction  

 

1.1 Graphene Oxide 

Graphene oxide (GO) is a two-dimensional nanosheet of highly oxidized carbon atoms with 

functional groups incorporating oxygen on its edges and basal plane as shown in Fig 1.1 [1]. It is 

a hexagonally organized planar sheet of carbon atoms, which is an allotrope of the element. GO is 

highly oxygenated, and in it the sp3 hybridised carbon possesses hydroxyl and epoxy groups in 

addition to carbonyl and carboxyl groups that are present on the sp2 hybridised carbon [2]. These 

functional groups contribute to GO's hydrophilic nature, making it easily dispersible in aqueous 

environments. GO has special characteristics such as high convective heat transfer, and low 

density.  

 

 

Fig.1.1 Structure of graphene oxide. 

GO can produce superior nano-composites due to its high oxygen content and surface area. This 

leads to better enhancement of mechanical and electrical properties for various applications [2]. 

Single-layer GO generally has a thickness of 0.7–1.2 nm. Numerous different techniques are being 

developed to create graphene oxide. One of the most widely used processes for producing GO is 

the modified Hummers technique [3]. It is a relatively simple and efficient method that produces 
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GO with a high degree of oxidation. It involves the sequential steps of oxidizing graphite and 

subsequently exfoliating it to obtain graphene oxide as shown in Fig.1.2.  

 

Fig.1.2 Schematic of the GO synthesis process in modified hummer technique. 

1.2 Properties of Graphene Oxide 

• Mechanical properties: Young’s modulus for the ordered graphene oxides is found to change 

by the coverage of the oxygen groups, going from 380 to 470 GPa. When considering 

amorphous graphene oxides with similar coverage, the variations in Young's modulus are 

relatively smaller, ranging from 290 to 430 GPa. Similar to the ordered graphene oxides, the 

amorphous ones have lower intrinsic strength. Young's modulus and intrinsic strength 

consistently decrease with increasing oxygen coverage as the sp2 carbon network disintegrates 

and the energetic stability for both ordered and amorphous graphene oxides decreases [4]. 

• Dispersibility: Graphene oxide is readily exfoliated in water to produce a stable dispersion 

due to its hydrophilicity. Tetrahydrofuran (THF), ethylene glycol (EG), ethanol, and other 

organic solvents are a few examples of organic solvents in which the GO may disperse. 

• Electrical properties: GO's electrical conductivity is lower than that of graphene, but it may 

be raised by lowering the oxygen level. This makes GO a promising material for applications 

where moderate electrical conductivity is required, such as sensors and batteries [4]. 

In comparison to graphene (G), GO offers the benefits of inexpensive manufacturing costs, mass 

production, and simple processing. It's a common first step in the production of graphene-based 

materials such as doped graphene and graphene composites, as well as reduced graphene oxide. 
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Reduced graphene oxide (RG) sheets demonstrate both enhanced chemical and physical 

adsorption capacity due to the abundant functional groups and strong electrical conductivity of its 

well-developed sp2 networks. The applicability of single-component G is severely constrained by 

its limitations, which include poor electrochemical activity, easy agglomeration, zero band gap, 

and difficult processing [5]. The expansion of GO and RG’s applications thus depends on 

functional modification. 

1.3 Doped Graphene 

Doping in graphene-based materials can be used to effectively modify their intrinsic and electronic 

characteristics, which can have a major impact on chemical processes at the interfaces and result 

in good electrochemical performance [6]. Doped graphene can be achieved through two methods: 

(1) substitutional doping, where heteroatoms replace carbon atoms in the graphene network, and 

(2) adsorption doping, where dopants are attached to the surface of graphene through adsorption 

processes. Substitutional doping exhibits higher stability compared to adsorption doping due to 

the covalent bonds that are created between the heteroatoms and the carbon lattice [7]. It enhances 

the electrochemical performance, chemical reactivity, and bandgap of graphene-based materials. 

Also, heteroatom doping gives additional pseudocapacitance, improves wettability, and also  

removes the restacking issue between the graphene sheets [8]. An increase in the band gap, the 

number of active sites, and the presence of sp3 and sp2 hybridization by doping graphene enhances 

its applicability. [7]. Phosphorus (P), sulphur (S), boron (B), and nitrogen (N) are the most 

common elements used to dope graphene because they have similar properties to carbon (C), such 

as size, electronic configuration, and number of valence electrons. The electronic configurations, 

sizes, valence electron numbers, and electronegativities of the dopant elements with carbon 

elements are contrasted in Table 1.1 [7]. 

Boron has a similar size (in terms of Van der Waals radius) and number of valence electrons (one 

less) to carbon, so it only causes minor changes to the lattice parameters of boron-doped graphene 

[7]. The slightly larger bond length for B-C bonds compared to C-C bonds can cause minor 

distortions in the planar structure of graphene at high doping levels. Nitrogen incorporation in 

graphene lattice distorts the planar structure of graphene at high doping levels, and the higher 

electronegativity of nitrogen can create a polarization in the carbon network. Due to its larger size 

compared to N, P-doping causes more structural damage in graphene, but P has a lower 
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electronegativity than C. Moreover, the doping effect of P is found to be different from that of N, 

due to the additional number of orbitals in P. Unlike the other dopants, sulfur has nearly same 

electronegativity to carbon, so it causes minor polarization of the C-S bonds. The longer bond 

length of the C-S bond compared to the C-C bond is typically what leads to the formation of 

defective sites in graphene upon S doping. [8][7]. 

Table1.1 Comparison of different dopants. 

Element 
Van der Waals 

radius (pm) 

Electronic 

configuration 

No. of valence 

electrons 
Electronegativity 

N 155 1𝑠22𝑠22𝑝1 5 3.04 

B 180 1𝑠22𝑠22𝑝3 3 2.04 

S 180 1𝑠22𝑠22𝑝63𝑠23𝑝3 6 2.58 

P 195 1𝑠22𝑠22𝑝63𝑠23𝑝4 5 2.19 

C 170 1𝑠22𝑠22𝑝2 4 2.55 

 

1.4 Importance of Sulphur-Doped Graphene 

Sulphur is the preferred choice among the heteroatoms for doping graphene because resulting 

materials are expected to have a wide band gap due to the electron withdrawing character of 

sulphur. It can also improve the wettability of graphene, which makes it more compatible with 

other materials. The high wettability of the surface of an electrode material reduces the resistance 

of ions to diffuse between the electrode and the electrolyte. The introduction of sulphur atoms in 

carbon materials increases the number of active sites on their surface, which enhances their 

catalytic ability and opens the band gap. This has led to the creation of sulfur-doped carbon 

materials for a number of applications, including the chemistry of fuel cells, semiconductor 

technology, sensors, supercapacitors, and more [9]. The distribution of non-uniform spin density 

on S-doped graphene is caused by a mismatch between the outermost orbitals of sulphur and 

carbon, which improves the catalytic characteristics suitable for various applications. Fig.1.3 

shows the schematic for simultaneous reduction and doping of G by addition of Na2S [10]. 



5 

 

 

Fig.1.3 Schematic of sulphur doping of graphene oxide using Na2S. 

1.5 Curcumin   

Curcumin is a yellow-orange compound with a melting point of 183ºC with 368 g/mol molecular 

weight. Its solid form is 1,7-bis[4-hydroxy-3-methoxy phenyl]- 1,6-heptadiene-3,5-dione. It is a 

polyphenolic substance with two aromatic rings, each of which has a hydroxy and a methoxy 

substituent, as shown in Fig. 1.4 [11]. A seven-carbon chain with two tautomerizable-unsaturated 

carbonyl groups connects the rings. Although curcumin is soluble in ethanol and acetone, it is 

insoluble in water. About 5% bisdemethoxycurcumin, 15% desmethoxycurcumin, and 80% 

curcumin are naturally occurring curcuminoids in curcumin. It exhibits moderate instability in 

phosphate buffer at pH~7.4 and the stability is significantly increased by lowering the pH. 

 

Fig.1.4 Structure of curcumin 

It has several potential applications, including as a dietary supplement, cosmetic ingredient, natural 

dye, and drug delivery system. The electrochemical efficiency of supercapacitors has been 

improved by the use of curcumin [12]. This is due to its ability to increase the electrode’s 

capacitance and improves the electrolyte conductivity. curcumin has also improved the 
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electrochemical performance of reduced graphene oxide, sulfur-reduced graphene, and graphene 

oxide [13]. As a result, curcumin-modified graphene materials have potential uses in a range of 

electrochemical devices.  

1.6 Supercapacitance and Electrochemical Sensing  

Supercapacitors are a possible energy storage technology for the future since they offer high power 

densities and long cycle lifetimes. Supercapacitors may retain high power densities but have a poor 

energy density in comparison to other storage of energy devices like batteries, fuel cells, solar 

panels, etc. The lack of energy density limits applications that generally need to have significant 

energy as well as power density, such as hybrid automobiles [14]. The most important component 

for supercapacitors is generally considered to be the material of the electrode with high electrical 

conductivity, well-developed porosity, and high surface area [15]. The introduction of sulphur 

atom in graphene oxide and synthesis of graphene-based composites showed better super 

capacitive properties as reported recently. The advantage of electrochemical sensors over other 

types of sensors is that they can be easily miniaturized and offer wide detection limits, even for 

extremely small quantities of analyte. H2O2 is a typical oxidizing agent and an important 

intermediate that is widely used in clinical, biomedical, pharmaceutical, environmental, and many 

other domains. For this reason, it is crucial to develop quick, sensitive, and accurate H2O2 detection 

techniques [16]. In comparison to other H2O2 detection techniques like spectrophotometry, 

chemiluminescence, and fluorometry, the electrochemical technique has been viewed as the most 

promising approach due to its high sensitivity, good selectivity, and ease of use [17]. Doped 

graphene and graphene-based composites have been the subject of extensive research as efficient 

electrocatalysts to create electrochemical sensors and biosensors because of their superior 

electrical conductivity, sizable surface area, good biocompatibility, and simplicity of manufacture. 

RG is a highly appealing material due to its distinctive properties resulting from the presence of 

diverse functional groups. These functional groups contribute to enhanced selectivity and 

sensitivity for H2O2 detection [18]. The oxygen-containing groups present in RG play a vital role 

in its electrochemical performance, influencing factors such as electron transfer rate and the 

adsorption/desorption of molecules. Moreover, these oxygen-containing groups provide sites for 

anchoring enzymes or other species, making RG suitable for sensing [19].  
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CHAPTER 2 

Literature Review 

Overview 

The research and journal articles that were examined as part of the literature review are described 

in this section.  

2.1 Synthesis of graphene oxide 

J. Chen et al 2013 [18] GO samples were synthesized by using Hummers method without (GO1) 

or with (GO2) using of NaNO3. Graphite powder (3.0 g) was mixed with concentrated H2SO4 (70 

mL) under stirring in an ice bath. KMnO4 (9.0 g) was gradually added while maintaining the 

suspension's temperature below 20°C. The mixture was transferred to a 40°C oil bath, stirred for 

0.5 h, and treated with water. Filtration, HCl washing, and air drying yielded solid GO. GO 

dispersion was obtained through exfoliation, centrifuged to remove unexfoliated graphite. The 

yields (the weight of GO divided by the weight of graphite powder) of GO1 and GO2 were 

measured to be 92% ± 3% and 96% ± 2%, respectively. This result indicates that the solution of 

concentrated H2SO4 containing KMnO4 is capable of oxidizing graphite to GO in a yield close to 

that of Hummers method even without the assistance of NaNO3. 

S.W. Chong et al 2015 [19] GO was synthesized using a simplified version of the Hummer's 

method. Around 3 g of graphite flakes were combined with 70 mL 0.5 M H2SO4 in an ice bath. 

Gradually adding 9 g KMnO4, the mixture was stirred below 20°C to ensure safety. The 

temperature was raised to 35°C, stirred for 30 min, then heated to 95°C. Water and hydrogen 

peroxide were added, followed by washing with 1 M HCl, centrifugation, and further washing to 

eliminate metal ions. Reduction was performed using lemon juice, vinegar, and N2H4 as eco-

friendly agents. This reduced GO exhibited a high electrical conductance of 24.6 μS attributed to 

its higher C/O ratio (~ 8:2) compared with other samples.  

N.I. Zaaba et al 2017 [20] GO was synthesized via a modified Hummers method from pristine 

graphite. A mixture of 27 ml sulfuric acid (H2SO4) and 3 ml phosphoric acid (H3PO4) (9:1 volume 

ratio) was stirred, with 0.225 g graphite added. Slow addition of 1.32 g potassium permanganate 
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(KMnO4) followed by 6 hours of stirring yielded a dark green solution. Excess KMnO4 was 

reduced using 0.675 ml H2O2, then washed and centrifuged. The resulting GO solution was dried 

at 90°C for 24 hours, yielding GO powder. 

Q. Zhang et al 2022 [21] A modified method of manufacturing graphene oxide (GO) using boric 

acid (H3BO3) instead of sodium nitrate (NaNO3) has been developed. In this, graphite powders 

(3.0 g), H3BO3 (3.0 g), and concentrated H2SO4 (120 ml) were introduced into a 500 ml flask, 

which was subjected to mechanical stirring at a rate of 200–250 rpm within an ice bath. Gradual 

addition of KMnO4 (12.0 g) was carefully managed to maintain the suspension's temperature 

below 5 °C. The reaction setup was then moved to an environment of 20 ± 2 °C, where stirring at 

the same speed (200–250 rpm) was maintained for a duration of approximately 18 hours. 

X. Chen et al 2022 [22] Sodium nitrate (1 g) dissolved in 70 mL concentrated sulfuric acid. Flake 

graphite (2.0 g) stirred for 30 min at 0−4°C. Potassium permanganate (8.0 g) stirred 30 min. 

Temperature raised to 35−45°C, stirred 300 min. Deionized water (240 mL) added, stirred 120 

min at 65−75°C. Hydrogen peroxide (25 mL, 30%) added, stirred 30 min at 95°C. Hydrochloric 

acid (40 mL, 5%) added, stirred 30 min. Vacuum extraction, hot filtration, washing, and 

centrifugation. GO solution pH adjusted (5−6), vacuum dried at 65°C to yield solid GO. This paper 

explains the chemical oxidation method's GO synthesis oxidizing reaction process. 

N. M. Lazano et al 2022 [23] GO was synthesized using a modified Hummers method omitting 

sodium nitrate (NaNO3). Graphite (1 g) mixed with 23 mL sulfuric acid (H2SO4) stirred for 5 min 

in a cold bath. Potassium permanganate (KMnO4) added, heated at 45°C for 2 h, then at 98°C with 

46 mL distilled water for 15 min. Hydrogen peroxide (H2O2) and hot water (140 mL) added. 

Vacuum-filtered, washed with HCl and water by centrifugation. Dried at 60°C and 90°C for 24 h. 

2.2 Synthesis of reduced graphene oxide and sulphur doped graphene by 

hydrothermal method. 

Y. Chen et al 2014 [9] S-GO was created by hydrothermally processing graphene oxide with Na2S 

as a precursor. First, 70 ml of DI was sonicated with 40 mg of graphene oxide to disperse it. Then 

40 mg was added, followed by 15 minutes of stirring. The mixture was then heated to 120 to 180 

degrees for 6 hours in an autoclave. The resulting S-GO contains 4.19at% sulphur and 4.73 at% 

oxygen. 
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N. Cao et al 2015 [24] Hummers' liquid oxidation method was employed to synthesize graphite 

oxide from natural flake graphite. Subsequently, chemical reduction of graphene oxide was 

achieved using NH3-H2O aqueous solution and hydrazine hydrate to produce reduced graphene 

oxide. The raw materials, namely graphite, graphite oxide, and reduced graphene oxide, were 

investigated utilising field emission scanning electron microscopy (FTIR) and X-ray diffraction 

(XRD). 

T. Zhengshan et al 2016 [10] prepared sulphur-doped graphene by using graphene oxide and as 

a Na2S precursor by hydrothermal reaction. Firstly, GO aqueous solution (3mg) was obtained by 

ultra-sonication in deionized water. Then a given amount was transferred into an 80 ml GO 

aqueous solution under magnetic stirring. The mixture was subsequently transferred to an 

autoclave and subjected to a 10-hour heating process at 200°C. The resulting sulfur content in SGO 

was determined to be 2.22 atomic percent (at%). 

Z.Zhian et al 2016 [25] Thioacetamide was used to prepare S-GO as a source of sulphur.0.3 g of 

thioacetamide powder was added to 40 ml of graphene oxide solution and stirred magnetically for 

12 hours. The mixture was then placed into a stainless steel autoclave with a Teflon lining and 

heated to 185°C for 12 hours to speed up the reaction. The solution was then dried for 12 hours at 

80 °C after being washed with deionized water three times. 

N. Raghavan et al 2018 [26] S-GO was created using graphene oxide as the initial component. 

Graphene oxide was used to prepare S-GO as a starting material. The sulphur was first dissolved 

in 2 ml of CS2 solvent to create a homogeneous solution. The GO solution was then added to this 

mixture and sonicated for an hour. The solution was then placed in an autoclave and heated to 180 

degrees for the following 18 hours. After that, the item was repeatedly rinsed in deionized water 

and dried for 12 hours at 80°C. 

A.S. Siddiqui et al 2019 [27] S-GO was created hydrothermally. GO was sonicated separately for 

30 minutes before being combined with 50 mg of pluronic F-127. Then, 24.3 mg of sodium sulfide 

was added to the mixture and diluted to 150 ml. After being sonicated for an hour, the mixture was 

put in a 200 ml autoclave and heated to 180°C for the curse of seven hours. The product was 

collected after being washed in deionized water and dried for 24 hours at 45°C. 
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D. J. Tarimo et al 2020 [28] synthesized S-RGO by mixing 1g of sulphur, 3 g of RGO, and 3 g 

of sodium sulfide into 100 ml of deionized water. The resulting mixture was then sonicated for 2 

hours and transferred into stainless steel autoclave lined with Teflon for 12 hours at 180°C. The 

product was washed repeatedly with deionized water and then dried. 

M. Zhang et al 2021 [29] synthesized sulphur-doped graphene by using sodium thiosulphate 

(𝑁𝑎2𝑆2𝑂3 ) as a precursor. In 50 ml of GO solution, 350 mg of 𝑁𝑎2𝑆2𝑂3 was added and 

ultrasonicated for 30 minutes. After that, the mixture was then heated to 220°C in an autoclave for 

6 hours. The solution was then filtered, cleaned, and dried. 

N.H. Rosli et al 2021 [30] A microwave-assisted procedure with various Na2S concentrations was 

used to create sulfur-doped graphene (S-rGO). A mixture of 5 ml of 0.1 wt% GO and 5 ml of Na2S 

at concentrations of 0.15 M, 0.25 M, and 0.50 M was exposed to microwave-assisted reaction at 

140 °C for 30 min, utilizing a Monowave 300 microwave reactor (Anton Paar). Following 

synthesis, the samples underwent three rounds of centrifugation at 12,000 rpm for 15 min. The 

resulting precipitate was collected and freeze-dried for a day. The enhanced supercapacitor 

performance of S-rGO was made possible by the pseudocapacitive properties of sulfur-containing 

groups.  

2.3 Graphene composites with curcumin  

S. Hatamie et al 2015 [31] Curcumin was used to reduce GO sheets to functionalized curcumin-

reduced graphene oxide sheets. The rGO sheets were found to be non-toxic to normal cells at 

concentrations less than 70 μg/mL. The rGO sheets induced apoptosis in cancer cells, which led 

researchers to conclude that they exhibited some cytotoxic effects at concentrations as high as 100 

μg/mL. According to the study, curcumin-rGO shows promising potential as a therapeutic agent 

for cancer treatment. 

G. Elavarasi et al 2016 [32] The Hummers method synthesized graphene oxide (GO) from natural 

graphite. GO was combined with extracted curcumin to create Cur-GO. 5g of GO and 5 ml of 

curcumin are taken in Rb flask and dissolved in 50 ml of acetone and applied magnetics stirring 

for 20 hrs (1:2) ratio has been prepared by the same procedure. The structure of Cur-GO was 

characterized using IR and UV spectroscopy.The results obtained from this indicate that Cur-GO 

is more effective at inhibiting the growth of bacteria than GO alone. 
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F. Bugli et al 2018 [33] GO (Graphenea) in 2 ml ddH2O (2 mg ml-1) mixed with 2 ml curcumin 

(Sigma Aldrich) in ethanol (100, 200, 300 mg ml-1). Incubation at 70°C for 12 h, followed by 

adding 2 ml ddH2O to each sample, yielding 1 mg ml-1 GO. Centrifugation (15 min at 14,000 

r.p.m.) performed twice to wash and remove unbound curcumin and ethanol. Notably, GOCU 

exhibits lower toxicity to cells compared to pure curcumin. Remarkably, it has shown effectiveness 

against MRSA at concentrations below 2 µg ml-1. These findings strongly indicate the potential of 

GOCU as a promising treatment approach for MRSA infection. 

C.K. Das et al 2020 [34] Graphene-based materials, when combined with drugs, have been 

developed for cancer therapy. In this, graphene quantum dots (GQDs) and graphene were used just 

like carriers for curcumin (Cur) in different ratios. GO and GQDs dispersed in DI water (0.2 

mg/mL), pH adjusted to 9.0 ± 0.1. Cur dissolved in DMSO (10 mg/mL), added to GO and GQDs 

at ratios 1:1, 1:3, and 1:5 (w/v) to create GO-Cur and GQDs-Cur derivatives. Homogenized, stirred 

30 min at 4 °C, centrifuged (12,000 rpm, 20 min), pellet washed five times with DI water, vacuum 

dried. 

N. Nowroozi et al 2021 [35] Dispersion of GO was prepared through sonication by adding 4 

milligrams of GO in one milliliter of DI water.1 ml of the GO suspension was slowly added drop 

by drop to a solution of dissolved curcumin (at a 3:1 Cur: GO ratio), which was then stirred for an 

hour. The mixture was then centrifuged for five minutes at 1000 rpm, followed by two washes in 

two ml of PBS to remove GO-trapped non-loaded curcumin particles. 

2.4 Motivation 

From the literature review, it is evident that there is a critical need to advance the development of 

high-performance energy storage systems and sensitive sensors for various technological 

applications. Graphene-based materials have shown immense potential in these domains, but 

further exploration of novel composites and their electrochemical performance is necessary. This 

thesis aims to address these gaps by proposing the synthesis of curcumin composites with reduced 

graphene and sulphur-doped graphene. The interaction of curcumin with the synthesized reduced 

and doped graphene samples will be investigated, focusing on the resulting changes in morphology 

and structure. The synthesis and characterization of curcumin@graphene composite materials will 

provide valuable insights for the development of advanced graphene-based materials with 

enhanced performance for energy storage and sensing devices. 
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CHAPTER 3 

Materials and Methods 

Overview 

In this chapter, the sample preparation methods and characterization techniques used in the current 

investigations are covered. 

3.1 Materials 

The materials used for the synthesis work were as follows: 

1) Graphite: Graphite is a naturally occurring elemental mineral and is known as the 

crystalline form of carbon. As one of carbon's allotropes, it falls under the category of semi-

metals. Graphite powder, ˂20µm, Avra Synthesis Pvt. Ltd.    

2) Sulphuric acid: This substance, with the molecular formula H2SO4, is classified as a strong 

acid. It is characterized by its odorless, colorless, and viscous liquid state, readily soluble 

in water. In synthesis reactions, it exhibits highly exothermic behavior. H2SO4, 98%, Loba 

Chemie Pvt. Ltd. 

3) Phosphorus Pentaoxide: It is a white solid that does not have any distinct odor. It has the 

chemical formula P2O5. When it comes into contact with water, it undergoes a highly 

exothermic hydrolysis reaction. P2O5, 98%, Loba Chemie Pvt. Ltd. 

4) Potassium Persulphate: This inorganic compound has the chemical formula K2S2O8. 

Known for its strong oxidizing properties, it is frequently used to initiate polymerization, 

leading to the formation of diverse C-N, C-S, C-O, and C-C bonds. The crystal structure 

of this compound is triclinic. K2S2O8, 98%, Loba Chemie Pvt. Ltd. 

5) Potassium permanganate: This chemical has the formula KMnO4 and is an inorganic 

compound. It is a powerful oxidizing agent. It has a strong oxidizing effect. KMnO4,99%, 

Loba Chemie Pvt. Ltd. 

6) Hydrogen peroxide: It has a slightly higher viscosity than water and is a clear liquid. It 

serves as a bleaching and oxidizing agent. H2O2, 30% w/v, Loba Chemie Pvt. Ltd. 

7) Hydrochloric acid: It is a powerful acid having distinctly powerful odour. HCL, 35% 

(extra pure), Loba Chemie Pvt. Ltd. 
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8) Sodium sulphide: The chemical compound with the formula Na2S is known as sodium 

sulfide. It is colorless and when dissolved in water gives a strongly alkaline solution. Na2S, 

SD fine-chem Ltd. 

9) Curcumin: Curcumin is a component found in turmeric and is categorized as a 

curcuminoid, also referred to as diferuloylmethane. The chemical name for it is 1,7-bis [4-

hydroxy 3-methoxy phenyl]- 1,6-heptadiene-3,5-dione. In organic solvents, it exists in an 

enolic form, while in water, it takes on a keto form. C21H20O6, Central Drug House (P) Ltd.   

3.2 Synthesis Methods 

The synthesis experiments were performed by employing the following methods: 

3.2.1 Graphene oxide  

Graphite powder was used as the starting material for the two-step, modified Hummers method of 

producing graphene oxide (GO). In the first step, graphite powder was dispersed in concentrated 

H2SO4 along with equal amounts of P2O5 and K2S2O8. For 4.5 hours, the mixture was stirred at 

80°C. After adding 320 ml of deionized (DI) water, the finished product was washed and dried at 

80°C. In the subsequent step, concentrated H2SO4 (80 ml) and preoxidized graphite powder were 

combined. For 2.5 hours, stirring was done while adding KMnO4 (10 g) gradually. The mixture 

was then stirred for an additional two hours after DI water was added. Before washing with HCl 

(10%) and DI water, diluted H2O2 was added. At 80°C, the finished product was dried. 

3.2.2 Sulphur-doped graphene/ reduced graphene oxide  

Sulphur-doped graphene (SG) was synthesized by the direct hydrothermal treatment of GO and 

Na2S as a precursor in a Teflon-lined stainless-steel autoclave. The as-synthesized graphene oxide 

(GO) dispersion, with a concentration of 1.4 mg/ml, was utilized to synthesize the SG sample 

through the addition of Na2S. The required precursor was mixed with 20 ml of GO dispersion 

using ultrasonification for 40 minutes. Subsequently, the material was subjected to hydrothermal 

treatment in an autoclave lined with Teflon at a temperature of 180°C for 12 hours. After the 

hydrothermal treatment, the product was washed with deionized (DI) water and dried overnight at 

80°C. The resulting final product was then collected. For comparison, RG was prepared without 

the addition of Na2S precursor under the same conditions as those for the SG sample. 
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3.2.3 Synthesis of curcumin@graphene composites  

5 mg of curcumin was dissolved in 1 mg/ml of ethanol and then combined with 2 mg/ml of GO in 

5 ml of DI water while being stirred. Then, while stirring for 2 hours at 85° C, ammonia was added 

to the Cur-GO suspension to raise the pH~10. The finished product was then collected after being 

washed with DI water and allowed to dry for an entire night at 80° C. Similarly, SG and RG 

composites with curcumin are synthesized under the same conditions as those for 

curcumin@graphene composites. 

3.3 Characterization Techniques 

3.3.1 X-Ray Diffraction 

X-Ray Diffraction (XRD) is a non-destructive technique for atomic spacing, phase examination, 

and crystal structure. It is used for determining the interplanar spacing between the materials' 

stacked layers. The basis of this technique is based on the homochromatic X-rays' constructive 

interference. A cathode ray tube (CRT) is used to generate X-rays for this technique. The CRT 

acts as a filter, producing monochromatic radiation. The sample which needs to be examined is 

then focused by this radiation. The relationship between the constructive interference of rays is 

established by Bragg's law, which is given by:  

                                                                 2d sin θ = n λ                                                             (3.1) 

Where n can be any positive integer, d is the distance between diffracting planes, θ the angle of 

incidence, and λ =1.54 Å (X-ray wavelength) . XRD is a very significant method to comprehend 

the number of layers, crystalline structure, and interplanar spacing of graphene oxide & reduced 

graphene oxide. So, it is a technique for characterization that is usually used. Graphene's layers are 

separated by a distance(d) which may be determined using Bragg's equation (3.1). Equation 3.2 is 

employed to determine the average height of stacking layers of graphene oxide, denoted as H, with 

a constant of 0.9 applied to the (002) reflection. To figure out the average diameter of stacking 

layers denoted as D, Scherrer's equation is applied to a two-dimensional (10) reflection [36]. The 

Pearson seven fitting is used to obtain the full width at half maximum (FWHM) values from X-

ray diffraction data. Scherrer’s equation:  

                                                            τ =K λ/β Cos θ                                                                (3.2) 
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where: τ = crystalline size, K is a constant with a dimensionless value of 0.9, for 3-D reflection 

and 1.84 for 2-D reflection, β = FWHM, and θ = Bragg angle. 

 

Fig.3.1 Systematic image of XRD 

The step size for the XRD pattern was 0.013, and the 2θ values were taken in the 5˚ to 90˚ range. 

3.3.2 Fourier-transform infrared spectroscopy (FTIR) 

The FTIR spectrum is an analytical tool used to determine the functional groups of a specific 

compound and assess the sample's purity. It involves measuring how much of various frequencies 

are absorbed by a sample that has been placed in an IR beam's path. It offers a spectrum with many 

absorption bands and information on the structure of a specific compound [37].  

 

Fig.3.2 Internal Diagram of FTIR 

The IR spectrum is typically displayed using the wave number on the x-axis and the percent 

transmittance on the y-axis. The range of measurements was 500cm-1 to 4000cm-1.  
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3.3.3 Scanning Electron Microscopy (SEM) 

A focused electron beam is used by the potent imaging method known as scanning electron 

microscopy (SEM) to produce high-resolution pictures of surfaces and structures. SEM works on 

the fundamental aspect that a sample surface is scanned with an electron beam, and the secondary 

electrons that are emitted from the surface are then detected. The surface morphology is then 

precisely pictured using these secondary electrons. SEM images have a deeper field of view, giving 

them a three-dimensional look that helps to better understand the sample's surface characteristics. 

 

 

 

 

 

 

Fig.3.3 (a) Schematic for SEM device (b) Laboratory view of SEM device 

It can produce images with a lot higher resolution than conventional light microscopy, enabling 

the visualization of surface features as small as a few nanometers. SEM is frequently used in 

biology, materials science, and other disciplines to examine the morphology, structure, and 

makeup of different samples [38]. Fig.3.3(a) shows the schematic diagram of the SEM. 

3.3.4 Energy dispersive spectroscopy (EDS) 

It is a technique to find out the elements of any sample. Each element has a different atomic 

structure, which results in a different set of peaks on its electromagnetic emission spectrum. X-

rays or high-energy electron beam is used for EDS. EDS measures the energy of X-rays coming 

from the sample. This energy represents the atomic structure of the element and the distinction 

between the two shells. A brass stub was used to prepare the sample. To completely remove the 

sample’s moisture, it was placed on the stub and completely dried under a lamp. 

(b) (a) 



17 

 

 

Fig.3.4 (a) Schematic of EDS, (b) Diagram showing the principle of EDS 

A gold coating was applied to the sample after that, and an EDX analysis was performed to 

determine the elemental composition. The principle of EDS is shown in Fig. 3.4(b) 

3.3.5 Supercapacitor measurement 

To investigate the capacitance performance of the synthesized samples in an acidic medium, a Bio-

Logic EC Lab SP300 with a typical three-electrode configuration was used. Saturated calomel 

electrode (SCE) functions as the reference electrode, and platinum wire acts as the counter 

electrode. The working electrode is a glassy carbon electrode (GCE) that has been loaded with a 

sample. For the tests, these were immersed in a solution of 1 M H2SO4 as an electrolyte. 

Before the measurement, the working electrode which was loaded with the sample underwent 

pretreatment with potential cycling between -0.15 V and +1.15 V (80 cycles at a sweep rate of 80 

mV/s) to activate the catalyst, remove surface impurities and stabilize the electrochemical current. 

A potential window of 1.2 V, ranging from -0.1 V to 1.1 V, was used for the cyclic voltammetry 

(CV) measurements to evaluate the electrochemical capacitance. The scan rates used for these 

measurements varied from 3 to 220 mV/s. Galvanostatic charge-discharge (GCD) curves were also 

obtained using a 1 V potential window and constant current densities ranging from 0.145 to 3.47 

A/g. 

Fabrication of Working Electrode: A 10-minute ultrasonication process was used to disperse the 

considered sample (1.0 mg) in 250 μL of ethanol. After adding Nafion® 117 (Sigma Aldrich; 

40.0μL), there was a 30-minute ultrasonication period. The dispersed solution was then drop-cast 
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onto the GCE (A = 0.07065 cm2 ; ϕ = 3 mm) and allowed to dry overnight under a lamp to produce 

a catalyst loading of 0.976 mg/cm2. 

3.3.6 Electrochemical Sensing Measurements 

The electrochemical sensing performance of the synthesized samples for H2O2 detection was 

assessed using a Bio-Logic EC Lab SP300 setup. A three-electrode system was used for the 

measurements, consisting of an Ag/AgCl reference electrode, a platinum wire for the counter 

electrode, and a glassy carbon electrode (GCE) for the working electrode. The electrolyte system 

was a 0.1 M solution of phosphate-buffered saline (PBS) containing an appropriate amount of 

H2O2. The prepared samples were subjected to cyclic voltammetry (CV) measurements at a scan 

rate of 50 mV/s to evaluate the electrochemical sensing performance. The CV scan was carried 

out using a 8 mM H2O2 solution, and it covered a voltage range of 1.6 V (-0.8 V to 0.8 V). The 

detection capability of the most favorable sample was determined by performing CV 

measurements with varying H2O2 concentrations ranging from 2 mM to 12 mM. 
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CHAPTER 4 

Results and Discussion I 

Overview    

In this chapter, characterization results for graphene oxide (GO), reduced graphene oxide (RG), 

and sulphur doped graphene (SG) are discussed. The techniques such as XRD, FTIR, EDS, and 

SEM were used for the characterization of the synthesized samples. The last section compares the 

electrochemical properties viz, capacitance, and H2O2 sensing properties for the samples. 

4.1 Graphene Oxide (GO) 

Fig.4.1(a) displays a low-magnification SEM image of the GO sheets with some distinctive folds 

and wrinkles. High-magnification image of GO as shown in Fig.4.1(b), which gives clear evidence 

of the peeled-off GO sheets created by the modified Hummers process and ultrasonic exfoliation 

process. These as-prepared GO sheets have some noticeable folds and wrinkles because of the 

functional groups on the surface of the oxygen-containing GO sheet [10]. The crystalline nature 

of a material can be revealed through X-ray diffraction (XRD) analysis. In Fig.4.2(a), the XRD 

pattern of GO exhibits a prominent peak at 12.22°, corresponding to the (002) plane with an inter-

planar spacing of 0.721 nm. This peak confirms that the graphene sheets in GO are randomly 

packed. The increase in the interlayer spacing (denoted as 𝑑 spacing) is attributed to the 

intercalation of oxygen functional groups within the graphite's interlayer spacing [1]. As a result 

of this intercalation, the layers separate, leading to an expansion of the 𝑑 spacing. Furthermore, 

the presence of a weak diffraction peak at 2𝜃 = 42.68° is due to the graphitic crystal plane. 

Scherrer's equation (equation 3.2) was applied to the (002) reflection using a constant of 0.9 to 

determine the typical height of stacking layers. The calculated average height was found to be 4 

nm for GO, which corresponds to approximately 5 graphene layers [2]. In Origin ProTM, the 

Pearson VII peak function was used to fit the characteristic peaks. In addition, the presence of 

bands in the FTIR spectra displayed in Table 4.2 provides further evidence of graphite's oxidation. 

When oxygen-containing groups are present, as shown in Fig. 4.2(b), the hydroxyl group's (O-H) 

stretching vibrations are thought to be the cause of the main absorption band in the spectrum of 

GO at 3171 cm-1 [5]. The absorption peaks at 1713 cm-1 and 1598 cm-1 can be attributed to the 

C=O, C=C stretching vibrations of functional groups with carboxylic and/or carbonyl moiety and 
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sp2 hybridized group or skeletal vibration of graphene backbone chain. According to the peak at 

1226 cm-1, the stretching vibration of the epoxy group C-O-C [39].  

 

Fig.4.1 SEM images of GO (a,b) 

4.2 Reduced graphene oxide (RG) and sulphur doped graphene oxide (SG)  

As-synthesized GO has been further used to synthesize RG and SG using the hydrothermal 

method. The synthesized method is discussed in section 3.2.2 and the details for the synthesized 

samples are also given in Table 4.1. 

Table 4.1 Details of synthesized samples. 

Sample 

Name 
Precursor 

Synthesis 

Method 

Synthesis 

Temperature (ºC) 

Time 

(hrs) 

Conc 

(mM) 

RG - Hydrothermal 

method 

180 12  - 

SG Na2S 180 12  2.8 

 

4.2.1 XRD 

 Fig.4.2(a) displays the XRD line profiles for the synthesized samples. The sample RG exhibits a 

broad peak at 2θ = 24.67° (hkl 002), indicating an interlayer distance of approximately 0.34 nm. 

This peak confirms the successful conversion of GO into RG using the hydrothermal method. The 

XRD peaks of SG and RG were found to be quite similar, with no significant differences observed, 

except for a slight downward shift in the peak position of SG's (002) reflection compared to that 

of RG after the doping process. In SG, the diffractogram peak value at 2θ is measured to be 24.76° 

(hkl 002), corresponding to an interlayer spacing of 0.23 nm [3]. 
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The presence of atomic sulphur species within the substance can be explained by the broad 

diffraction peak seen in SG. The presence of sulfur species has the capability to disrupt the 

interlayer structure of graphitic carbon, leading to the formation of disordered structures and the 

occurrence of defect sites. These defects are often associated with sulfur-containing functional 

groups located at the edges of graphene sheets. Furthermore, the peak observed at 78.12° 

corresponds to the (110) plane, indicating that the synthesized graphene does not exist exclusively 

as a single layer. The presence of additional peaks observed at (113), (222), (044), and (422) in 

the SG spectra can be ascribed to the existence of orthorhombic sulfur crystallites, as indicated by 

their resemblance to the corresponding peaks in the (JCPDS 00-008-0247) database [4]. 
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Fig.4.2 (a) XRD of GO, RG, SG. (b) FTIR spectrum of GO, RG, SG 

4.2.2 Fourier-transform infrared spectroscopy (FTIR) 

FTIR (Fourier-transform infrared) spectroscopy is a molecular spectroscopic technique used to 

analyze the organic or inorganic bonds present within a system. The resulting data is typically 
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presented on a graph, with the x-axis representing the wavenumber (cm⁻¹) and the y-axis 

representing the percent transmittance. FTIR spectroscopy was employed to evaluate the 

efficiency of introducing oxygen-containing functional groups into the carbon lattice. In each 

spectrum, several characteristic modes associated with oxygen-containing functional groups were 

observed. This analysis employs infrared light energy to induce vibrations in molecular bonds, 

with the wavelength ranging from 4000 cm⁻¹ to 500 cm⁻¹. Fig.4.2(b) shows the FTIR spectrum for 

the synthesized RG and SG samples. The bands present in the FTIR spectra are used to confirm 

the oxidation and reduction of graphene RG, and SG samples as indicated in Table 4.2 

Table 4.2: FTIR data analysis for the synthesized samples. 

GO peaks 

(cm-1) 

RG peaks 

(cm-1) 

SG peaks 

(cm-1) 
Identified bonds 

3171 3419 3437 OH stretching vibration of the hydroxyl group  

1713 1695 - C=O stretching vibration of the carbonyl group 

1598 1544 1540 C=C skeletal vibration of the graphene plane 

1226 1143 - C-O-C stretching vibration of epoxy group  

- - 1097,1228 S=O Sulphonyl group 

 

The spectrum of  RG, and SG showed a decrease in the intensity of the O-H stretching peak at 

3419 cm-1 and 3437 cm-1, indicating that the oxygen groups was removed during reduction. For 

RG, C=C is responsible for the peak at 1544 cm-1, while C-OH is responsible for the absorption 

peak at 1143 cm-1. It is worth noting that the characteristic absorption peak from the C=O bond of 

SG gets  vanished [30]. The SG exhibits a newly noticeable distinctive peak at 1097 cm-1 and 1228 

cm-1, which most likely corresponds to the characteristic peak of the C-S-C bond symmetrical 

stretching vibration but might also possibly be related to the other bonds of C-O-C and S=O [40]. 

These results indicated that the partial functional groups in the GO had been successfully removed 

by the hydrothermal and sulfonation processes.  

4.2.3 Scanning Electron Microscopy (SEM) 

Fig.4.3 shows the structural morphology of synthesized samples obtained from SEM. After 

hydrothermal treatment, in RG sample the graphene sheet layers are still not too well separated. 
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The high magification images of RG in Fig. 4.3(b) show thin, wrinkled sheets forming tulle-like 

structures [41]. Fig.4.3(c) shows SG sheets with more significant folds and wrinkling, very 

different from that of RG sheets. The surface of SG sheets exhibits more folds and distortions as a 

result of the functional groups' disruption of the initial conjugation and the contraction caused by 

the sulphur doping [8]. 

 

Fig.4.3 SEM images of RG(a-b), SG(c-d) at low and high magnification and SEM-EDS mapping 

of SG sample (e).  

The O, C, and S elements were present in the SG sample and were distributed uniformly, according 

to the SEM-EDS elemental mapping images displayed in Fig. 4.3(e). 
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4.2.4 Energy dispersive spectroscopy (EDS) 

The EDX spectra of the RG show that the synthesized RG has distinct C and O peaks and no 

additional impurities, demonstrating the success of the RG synthesis shown in Fig.4.4(a).  

 

 

Fig.4.4 (a) EDX of RG, (b) SG 

Fig.4.4(b) confirms the presence of carbon, oxygen, and sulphur in SG sample from EDS. The 

carbon (C) atoms originate from the GO sheet framework, while the oxygen (O) atoms are derived 

from the functional groups of the GO sheet that contain oxygen. The sulfur (S) atoms, on the other 

hand, solely come from the elemental sulfur incorporated into the SG.Table 4.3 displays the 

percentages of carbon, oxygen, and sulphur in RG and SG respectively. 

Table 4.3 Elemental composition of SG and RG.  

Sample Carbon Oxygen Sulphur 

RG 73.89% 26.11% - 

SG 65.09% 29.79% 5.12% 

 

4.3 Electrochemical characterizations 

A comparison of electrochemical properties (super-capacitance and sensing) of synthesized 

samples is discussed in this chapter.  
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4.3.1 Supercapacitor measurements 

In Fig.4.5 (a), the cyclic voltammetry (CV) analysis performed for all the synthesized samples 

using a scan rate of 10 mV s⁻¹ with a potential window of 1.2 V is shown. All the curves show a 

quasi-rectangular shape, exhibiting the characteristic behavior of electric double layer capacitance 

(EDLC). The area of the CV curves was maximum for the SG sample which was attributed to its 

maximum specific capacitance value amongest all the samples. SG sample demonstrates a 

significantly higher charge storage capacity compared to undoped RG and GO [30]. Fig.4.5(b) 

shows the galvanostatic charge/discharge curves (GCD) for the prepared samples. Each sample 

displayed a nearly triangular curve, which denotes electric double-layer capacitance (EDLC) 

dominance. The SG electrode demonstrated the longest discharge time when compared to GO and 

RG, which is what led to the highest capacitance value. The specific capacitance (Csp) of the SG 

sample in a 1 M H2SO4 electrolyte at 3 mV/s was found to be 139.32 F g⁻¹, demonstrating 

remarkable capacitive behavior (Table 4.4). The S-doping's synergistic effect on the graphene-

based electrode is primarily responsible for the SG electrode's superior electrochemical 

performance to the RG and GO electrodes [42].  

Fig.4.5(c) demonstrates the CV measurements of SG carried out at various potential scan rates 

ranging from 3 mV/s to 220 mV/s. Even at a high scan rate, the CV curve's shape was without 

distortion. The enclosed integral area of the CV curve showed a clear increase with higher scan 

rates, and the current density also exhibited a gradual increase. The SG electrode material's charge-

discharge analysis for different current densities ranging from 0.145 to 3.47 mA cm-2 is shown in 

Fig.4.5(d). The capacitance increased at low current densities, reached a high value at lower 

densities, and then gradually decreased [30]. The values of specific capacitance for SG electrode 

were found to be 320.24 Fg-1 and 45.61 Fg-1, respectively, at 0.144A/g (low current density) and 

3.47A/g (high current density). At higher current density values, the electrolyte ions do not have 

sufficient time to penetrate deeply into the interior portion of the electrode surface, so they can 

only access the electrode material's outer surface, and vice versa for lower current density values 

[42]. 
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Fig.4.5 (a) CV graphs of GO, RG, and SG at 10mVs-1 scan rate. (b) Galvanostatic charge-discharge 

analysis of GO, RG, and SG at the current density of 0.145 mA cm-2. (c) CV graph of SG at 

different scan rates. (d) CD analysis of SG sample at different current densities, (e)Plot of specific 

capacitance versus current density for GO, RG, SG. (f) Plot of specific capacitance versus scan 

rate for GO, RG, SG 
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Table 4.4 Specific Capacitance and ECSA values of various synthesized materials. 
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Fig.4.6 (a) CV at different scan rates for RG, (b) Plot between scan rates and Current densities 

(ΔJ0.6) of GO, RG, SG.                           

To further examine the electrocatalytic activities of synthesized samples, the electrochemical 

active surface areas (ECSA) for all the samples were determined by measuring the electrochemical 

double-layer capacitance (Cdl) in a non-Faradaic potential zone (0.5–0.7V). Fig.4.6(a) displays the 

cyclic voltammetry (CV) curve of RG at various scan rates. As the scan rate increases, the area 

beneath the CV curves for the RG sample increases as well, indicating an increased capacity 

for capacitive charge storage. Fig.4.6(b) illustrates the relationship between the current density 

(ΔJ0.6) and scan rates of the samples. The analysis of these profiles by linear regression reveals that 

RG has a higher Cdl value (41.82 mFcm−2) than SG (8.62 mFcm−2) and GO (0.42 mFcm−2). The 

ECSA values were calculated using the formula ECSA= Cdl/Cs, where Cs is the specific 

capacitance with a standard value of 0.040 mFcm−2 [43]. RG has a greater ECSA value of 1045.5, 

signifying a greater number of active sites. SG, and GO exhibit ECSA values of 215.62, and 10.64 

respectively. The lower specific surface area of the SG sample may be due to the doping of the 
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SG 139.32 320.24 215.625 
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interlayer structure due to the intercalated sulphur. These results clearly indicate that the higher 

capacitance of the SG sample is due to S doping and intercalated sulphur resulting in the additional 

pseudocapacitance contribution.  
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Fig.4.7 (a) CV curves at 50mV/s scan rate for 8 mM H2O2 in 0.1 M PBS (pH-7.4) for RG, SG 

samples. (b) CV curves at 50mV/s scan rate for RG sample at increasing concentrations from 

2mM to 12mM of H2O2 (c) Baseline-corrected reduction humps of CV curves (d) Calibration 

curve for RG at increasing concentrations of H2O2.  

4.3.2 H2O2 electrochemical sensing 

CV measurements were conducted on RG and SG samples to determine the optimal electrocatalyst 

for H2O2 reduction. Fig.4.7(a) shows the CV loops for RG and SG samples at 8 mM. The RG 

sample exhibited superior electrocatalytic performance compared to the SG sample, as indicated 

by a sharp reduction current response observed at -0.34 V. The enhanced electrocatalytic 
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performance of RG can be attributed to its larger electrochemically active surface area. Fig.4.7(b) 

illustrates the CV measurements performed on the RG sample at different H2O2 concentrations, 

ranging from 2 mM to 12 mM with a scan rate of 50 mV/s. The redox hump at -0.4 V was found 

to become more noticeable as H2O2 concentration increased serving as a fingerprint for more H2O2 

desorption. The CV plot in Fig4.7(c) shows baseline-corrected reduction humps, that demonstrate 

a distinct increase in current with a rise in concentration. Fig.4.7(d) shows the CV curve used for 

calibration for the associated CV data as well as a range for linear detection that spans 2 mM to 12 

mM. It was determined that the calibration curve has a correlation coefficient (R2) of 0.9867. The 

slope of the calibration curve combined with a signal-to-noise ratio of 3 allowed for the calculation 

of the limit of detection (LOD), which came out to be 0.0069 μM.  
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Fig4.8 (a) CV curves of the RG electrode in a 0.1 M PBS solution (pH 7.4) containing 4 mM 

H2O2 at a scan rate of 10, 20, 30, 50, 70, 100, and 120 mV/s. (b) A plot of the reduction peak 

current against the square root of the scan rate. 

In addition, we investigated the rate of potential scanning and its effect on the RG's ability to 

catalyze the reduction of H2O2. Cyclic voltammetry (CV) was employed to determine the effect of 

a changing scan rate (mV/s) on the electrochemical performance of the modified electrode. 

Fig.4.8(a) shows the CVs of the generated RG electrode immersed in a 0.1 M phosphate-buffered 

saline (PBS) solution (pH 7.4) containing 8 mM H2O2. The measurements were conducted at scan 

rates ranging from 10 to 120 mV/s.  

The observed reduction current peak is indicative of the reduction process of H2O2. We noticed 

that the reduction peak current response for the reduction of H2O2 increased with an increasing 
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scan rate of 10-120 mV/s. The reduction peak current responses were calibrated against the square 

root of the scan rate, and the resulting calibration curve is shown in Fig.4.8(b). This calibration 

curve demonstrates a linear relationship, indicating that the reduction in peak current response 

increases proportionally. This implies that the electron transfer process of RG follows a diffusion-

controlled electrochemical process [42]. This indicates that the redox processes of H2O2 on the RG  

electrode were controlled by diffusion suggesting that the diffusion-controlled mechanism plays a 

crucial role in the performance of these electrodes [44]. It provides an effective and efficient 

approach for the detection of hydrogen peroxide, enabling selective, sensitive, rapid, and reliable 

analysis in a variety of applications, including biosensors, environmental monitoring, and clinical 

diagnostics. 

 

 

 

  



31 

 

CHAPTER 5  

Results and Discussion II 

This chapter discusses the characterization results for the synthesized curcumin@graphene based 

composites have been discussed. 

5.1 Curcumin  

Fig. 5.1(a) shows the curcumin X-ray diffraction pattern. The diffractogram pattern of curcumin 

shows characteristic peaks at a 2θ (14.36, 17.20, 18.02, 24.78, 25.86, and 27.36). These peaks 

imply that curcumin has a highly crystalline structure in powder form.  
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Fig.5.1 (a) XRD analysis of curcumin, (b) FTIR analysis of curcumin 

 

 

 

 

 

 

Fig.5.2 SEM micrographs of curcumin 
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Fig.5.1(b) shows the FTIR spectra of curcumin. Characteristics peaks of curcumin are observed at 

3498, 1583, 1268, 1147, and 950 cm-1, which were caused by the stretching vibrations of O-H, 

C=O, C-O, C-O-C, C-O, and C-H, respectively [45]. Fig.5.2 shows the SEM image of curcumin 

at low and high magnification. The pure curcumin showed an irregular, flat, and rod-like structure 

with particle size ranging in length from 1.3 to 42 μm as shown in image Fig.5.2(a). Under high 

magnification, the surface of curcumin exhibits irregularities and cracks. 

5.2 Curcumin@graphene composites  

In this section, curcumin has been used to synthesize the graphene-based composites 

(Curcumin@graphene) using oil bath heat treatment. The details of as obtained composites are 

given in Table 5.1 and the method is discussed in section 3.2.3. 

Table 5.1 Details of synthesized Curcumin@graphene composites 

Sample Name Synthesis method Precursor Precursor: Curcumin (w/w) 

GO-Cur 
Oil bath heat 

treatment 

GO 1:0.5 

SG-Cur SG 1:0.5 

RG-Cur RG 1.43: 0.71 

 

5.2.1 XRD 

Fig.5.3 shows the XRD pattern for the synthesized curcumin@graphene composites.  For the GO-

Cur composite the (002) peak at 2θ = 12.22°, vanished, and a new peak with a signature of reduced 

GO at 2θ = 25.38° and a d-spacing of 0.35 nm appeared as shown in Fig.5.3(a) [34]. This indicated 

that GO was reduced in the presence of curcumin. Similarly, the intense peaks observed at 2θ = 

24.85°, 25.07° of SG-Cur, and RG-Cur respectively. Additionally, the presence of a weak 

diffraction peak at 2𝜃 = 43.01° suggests that the reduction process was incomplete. During the 

washing of curcumin@graphene composites, the resulting supernatant exhibited a yellow color, 

indicating incomplete incorporation of curcumin into the composites. The absence of curcumin 

crystalline peaks in the X-ray diffraction result suggests that the amount of curcumin integrated 

into the composites is lower than that of graphene [1].  
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5.2.2 FTIR 

Fig.5.3(b) shows the spectra of curcumin composites. The FTIR spectra of the GO-Cur composite 

demonstrates distinctive curcumin absorption features at 1574, 1272, and 1153 cm-1, which are 

similar to those of curcumin alone. For the synthesized composites, the C-O-C band peak at 1037 

cm-1 and the carboxylic group vibrational absorption band peak at 1714 cm-1 both diminished 

significantly. The characteristic peaks around 1509, 1217, and 1147 cm-1 were also present in the 

other composites, i.e. SG-Cur and RG-Cur indicating that they also contained curcumin as shown 

in Fig.5.3(b). The intensity of the O-H vibration band of all the composites reduced showing that 

curcumin had been effectively grafted onto SG-Cur and RG-Cur composites. The results 

demonstrate substantial incorporation of curcumin within the curcumin@graphene composites 
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Fig.5.3 (a) XRD analysis of GO-Cur, SG-Cur, RG-Cur (b) FTIR analysis of GO-Cur, SG-Cur, 

RG-Cur 
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5.2.3 SEM 

For the SEM analysis of GO-Cur, SG-Cur, and RG-Cur, the samples were dispersed in ethanol 

using utrasonification. The SEM micrographs (Fig.5.4) show that the GO-Cur, SG-Cur, and RG-

Cur were completely exfoliated. The physical attachment of graphene flakes to the surface of 

curcumin complexes in SEM images confirms the conjugation of curcumin with graphene in the 

synthesized samples [34]. Curcumin particles adhere to GO, RG, and SG, as shown in Fig.5.4 

Because the oxygen functional groups were removed and curcumin was attached, the sheet-like 

morphology of the graphene flakes is preserved with a slight agglomeration or shortening of the 

flakes within the curcumin@graphene composites. 

 

Fig.5.4 SEM micrographs of GO-Cur(a-b), SG-Cur(c-d), RG-Cur(e-f)   
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5.3 Electrochemical measurements 

This section shows the comparison of super capacitance and electrochemical sensing of the 

synthesized curcumin-based composites. 

5.3.1 Supercapacitor measurements 

In Fig. 5.5(a), The obtained cyclic voltammetry (CV) data, recorded at a scan rate of 10 mV/s, 

reveal that all the loops have a distorted rectangular shape. This characteristic suggests that the 

samples possess excellent capacitance properties. Among the curcumin@graphene composites, 

SG-Cur composite has the largest CV curve area and the strongest redox peak intensity, both of 

which are indicative of greatly increased specific capacitance and rapid redox process kinetics. 

The strong interlinking between sulphur and curcumin in the SG-Cur composite enables efficient 

charge migration, leading to a higher percentage of pseudocapacitance. This interlinking enhances 

the capacitive behaviour of the material as a whole by facilitating electrochemical reactions at the 

interface between the electrode and the electrolyte. The charge-discharge curves in Fig.5.5(b) 

demonstrate nearly triangular shapes for all samples, indicating that they predominantly exhibit 

electric double-layer capacitance (EDLC) behavior. The SG-Cur composite shows the widest 

charge-discharge curve among the composites, leading to the highest capacitance value. Figure 

5.5(c) shows the CV measurements of the SG-Cur composite at various potential scan rates. Even 

at high scan rates, the CV curve maintains its shape without distortion. The enclosed integral area 

of the CV curve and the current density both increase with higher scan rates, indicating enhanced 

capacitive behavior. The specific capacitance (Csp) of the SG-Cur composite in a 1 M H2SO4 

electrolyte at 3 mV/s was found to be 214.18 F g⁻¹ (Table 5.2). By analyzing the GCD curves at 

various current densities as shown in Fig.5.5(d), it is observed that the capacitance initially rises 

at lower current densities, reaches a maximum value, and then gradually declines. This behaviour 

may be related to the fact that the electrolyte ions only partially penetrate the electrode material at 

higher current densities, mainly accessing the outer surface.  
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Fig.5.5 (a) (a) CV graphs of GO-Cur, SG-Cur, RG-Cur at 10 mV s-1 scan rate, (b) Galvanostatic 

charge-discharge analysis of GO-Cur, SG-Cur, RG-Cur at the current density of 0.144 mA cm-2, 

(c) CV graph of SG-Cur at different scan rates, (d) CD analysis of SG-Cur sample at different 

current densities, (e) specific capacitance variation as a function of the current density of GO-Cur, 

SG-Cur, RG-Cur, (f) specific capacitance variation as a function of scan rate of GO-Cur, SG-Cur, 

RG-Cur. 
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Fig.5.5(e) shows the specific capacitance plot for the synthesized samples as a function of scan 

rate. The measured specific capacitance values from the galvanostatic charge-discharge (GCD) 

graphs at various current densities and scan rates are shown in Fig.5.5(f). The highly porous 

structure, chemical stability, and high surface area of the curcumin@graphene composite electrode 

are believed to be the reasons behind its excellent electrochemical performance [12][46]. 

Table 5.2 Specific capacitance and ECSA values of the synthesized materials. 

Furthermore, the electrochemical surface area (ECSA) of synthesized composites was measured 

using cyclic voltammetry (CV) within a non-Faradaic potential zone (0.5–0.7 V) in 1M H2SO4 as 

the supporting electrolyte at varying scan rates. Fig.5.6(a) shows the CV curves of the SG-Cur 

composite at different scan rates. Fig.5.6(b) illustrates the relationship between scan rates and the 

current density (ΔJ0.6) of the synthesized composites. Linear regression analysis of these curves 

reveals that SG-Cur exhibits a higher Cdl value (80.84 mFcm−2) compared to RG-Cur (5.75 

mFcm−2). The ECSA value of all the synthesized composites is shown in Table 5.2.  
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Fig.5.6 (a) CV at different scan rates for SG-Cur, (b) Plot between current densities (ΔJ0.6) and 

scan rates of GO-Cur, SG-Cur, RG-Cur. 

Specific 

capacitance (F/g) 
GO GO-Cur SG SG-Cur RG RG-Cur 

CV (3mV/s) 4.00 11.40 139.32 214.18 137.96 134.71 

GCD (0.145A/g) 1.47 7.40 320.24 256.48 180.48 168.42 

ECSA 10.645 33.25 215.625 2021 1045.5 143.87 
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Further reduction of the RG-Cur composite during the synthesis process may cause an increase in 

agglomeration and shortening of flakes. As a result, the interaction between the reduced graphene 

and curcumin might become weaker. Moreover, the significant decrease in the surface area of RG-

Cur is indicative of the structural changes caused by the reduction process. On the other hand, the 

notable increase in the surface area observed in SG-Cur suggests a reduction in the incorporation 

of sulphur within curcumin, resulting in the development of a structure with more porosity. The 

higher ECSA of SG-Cur suggests that it has a greater number of active sites, which may be a key 

factor in its enhanced catalytic activity [47]. 
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Fig.5.7 (a) CV curves at 50mV/s scan rate for 8 mM H2O2 in 0.1 M PBS (pH-7.4) SG- Cur, RG-

Cur composites. (b) baseline-corrected cathodic humps of the CV loop for RG, RG-Cur at 8 mM. 

5.3.2 H2O2 electrochemical sensing 

Curcumin@graphene composites were tested using cyclic voltammetry for H2O2 detection. 

Fig.5.7(a) displays the CV loop for the SG-Cur and RG-Cur samples at 8 mM H2O2 in 0.1 M PBS 

(pH-7.4). The superior electrocatalytic sensing performance of RG-Cur is evident from the 

presence of a distinct cathodic peak at -0.3 V. On the other hand, the absence of a cathodic peak 

in the CV curve of the SG-Cur electrode as shown in Fig.5.7 (a) indicates limitations in its potential 

as an electrochemical sensor for H2O2 detection. In Figure 5.7(b) and the inset of Fig.5.7(c), the 

baseline-corrected cathodic humps of the CV loop for RG and RG-Cur at 8 mM are depicted. It 

can be observed that RG exhibits an intense cathodic peak due to its high surface area. However, 

after the interlinking with curcumin, the surface area of RG reduces, resulting in lower 

electrochemical sensing properties. 
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CHAPTER 6  

Conclusions 

Reduced graphene oxide (RG), sulphur-doped graphene (SG), and their respective composites with 

curcumin were synthesized and characterized for super capacitance and H2O2 electrochemical 

sensing applications. RG and SG were prepared by a green one-pot hydrothermal method at a low 

temperature of 180º C. These samples were further used in oil bath heat treatment to synthesize 

the Curcumin@Graphene composites. The successful incorporation of sulphur and reduction of 

graphene oxide in the samples was confirmed through XRD analysis, while SEM imaging 

provided visual information on morphological features and structural alterations. Additionally, 

FTIR spectra offered valuable insights into the chemical functional groups and bonding 

characteristics of the materials. The SG electrode displayed a remarkable specific capacitance 

(Csp) of 139.32 F/g in 1M H2SO4 at a scan rate of 3 mV/s which further enhanced by the 

incorporation of curcumin (SG-Cur). The SG-Cur composite showed excellent capacitance of 

214.18 F/g at 3 mV/s and also had a higher ECSA value = 2021, indicating that the presence of 

curcumin increases its surface area. The RG sample exhibited exceptional performance in 

detecting hydrogen peroxide, with a remarkable limit of detection (LOD) of 0.0069 μM within the 

concentration range of 2-12 mM. The highly porous structure, chemical stability, and high specific 

surface area of the curcumin@graphene composite electrode are believed to be the reasons behind 

their excellent supercapacitance. Reduced sensing performance of Curcumin@graphene samples 

for H2O2 detection can be attributed to interlinking between curcumin and graphene-based samples 

resulting in decrease ECSA. 
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