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Abstract  

Conductive polymers derived from renewable resources have attracted increasing attention as environmentally 

friendly alternatives-based polymers such as polyaniline (PANI), polypyrrole (PPy), and polystyrene (PST) for 

supercapacitor electrode materials. Among them, polyeugenol represents a promising candidate due to its renewable 

origin and versatile functional groups. In this study, a composite of sulfonated eugenol–diallyl phthalate copolymer 

(SPEGDAF) and graphene oxide (GO) was synthesized and evaluated as a supercapacitor electrode material. The research 

encompassed several stages: Synthesis of the eugenol–diallyl phthalate copolymer (PEGDAF), sulfonation to yield 

SPEGDAF, synthesis of graphene oxide, fabrication of the SPEGDAF/GO composite, and subsequent electrochemical 

performance testing. Structural and thermal characterizations of PEGDAF and SPEGDAF were conducted using FTIR 

spectroscopy, TGA-DTG, and molecular weight analysis. Sulfonation introduced sulfonate groups, which raised the 

melting point from 84 - 110 °C and increased the molecular weight from 7,611.06 Da to 13,674.54 Da. The sulfonation 

degree was determined to be 31.16%, corresponding to a cation exchange capacity of 3.856 meq/g. FTIR and XRD 

analyses of the synthesized graphene oxide confirmed the presence of oxygen-containing functional groups and crystalline 

features. The incorporation of GO into SPEGDAF resulted in distinct FTIR spectral enhancements and notable 

improvements in electrochemical behavior. Cyclic voltammetry revealed a specific capacitance of 2.47 F/g, while 

electrochemical impedance spectroscopy indicated an ionic conductivity of 4.02×10‒4 S/cm. These findings demonstrate 

that the integration of GO into SPEGDAF effectively enhances the charge storage and ionic transport properties of the 

composite. Overall, this study highlights the potential of polyeugenol-derived composites as sustainable for 

supercapacitor applications, underscoring their promise as renewable and environmentally responsible alternatives for 

future energy storage technologies. 
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Introduction 

Electrochemical capacitors or commonly known 

as supercapacitors, are devices that have great potential 

in power supply and recharging [1]. The potential of 

supercapacitors attracts attention because of their 

prominent advantages, such as significant power 

density, the ability to charge and discharge quickly, a 

wider operating temperature range, lower maintenance 

costs, the ability to be designed in small, lightweight, 

flexible sizes, and long cycle life [2]. In supercapacitors, 

electrodes play an important role in the energy storage 

mechanism. Materials employed as electrodes in 

supercapacitors consist of carbon-based substances, 

metal oxides, and electrically conductive polymers [3]. 

The use of conductive polymers as electrodes is more 

promising than other materials because conductive 

polymers have good electrical conductivity, low 

manufacturing costs, and high specific capacitance [4]. 

Conductive polymers that are often used in 

supercapasitors are polyaniline (PANI), polypyrrole 

(PPy), polythiophene (PTh), and sulfonated polystyrene 

(PST) [4]. These polymers are synthesized from 

petroleum and petrochemical-based materials, the 
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process of which can cause environmental problems 

such as global warming and the greenhouse effect [5]. 

The decline in petroleum reserves and the negative 

impacts on the environment encourage the development 

of alternatives based on renewable natural resources as 

a substitute for petroleum, especially in the polymer 

industry sector. 

One of the natural and renewable polymers that 

can be used as a supercapacitor electrode material is 

polyeugenol. This is because polyeugenol is derived 

from clove oil, which is continuously available in nature 

and renewable, in contrast to PANI, PPy, PTh, and PST 

that originate from petroleum-based sources, the 

extraction and waste of which may cause environmental 

damage. The aromatic structure and active functional 

groups such as hydroxyl and methoxy enable 

polyeugenol to participate in electrochemical charge 

storage, making it a promising candidate for use as a 

sustainable electrode material [6]. However, one 

drawback of using polyeugenol as a supercapacitor 

electrode is the generation of heat during faradaic 

reactions that occur during charge storage and transfer, 

which can affect its thermal stability and performance 

[7]. The heat generated during operation can 

compromise the performance of polyeugenol as a 

supercapacitor electrode material [8]. To address this 

issue, modification through the introduction of cross-

linking agents is essential to improve its thermal 

stability and overall durability. Diallyl phthalate is used 

as the cross-linking agent due to its ability to enhance 

thermal resistance, thereby improving the overall 

performance of the supercapacitor electrode material 

[7]. The performance of eugenol diallyl phthalate 

copolymer (PEGDAF) as a supercapacitor electrode 

material can be optimized by adding sulfonate groups (–

SO3H). The addition of this sulfonate group is expected 

to increase the cation exchange capacity, so that the 

electrical conductivity increases [9].  

Polyeugenol contains a large number of hydroxyl 

groups (–OH), which provide the potential for 

application in composite materials, to increase their 

capacitance and conductivity as electrode materials in 

supercapacitors. The filler/reinforcement material that is 

often used in composites for supercapacitor materials is 

graphene oxide (GO). Graphene oxide is a derivative of 

graphene in the form of sheets with oxygen groups 

(−OH, −COOH, −CHO and epoxy groups) [10]. GO is 

a two-dimensional material with applications in various 

fields, such as membranes [11], ion separators [12], 

adsorbents [13], composites [14], and many others. GO 

has a large surface area, layered structure, high 

intercalation ability, superior mechanical properties, and 

good ion exchange ability [15]. These advantages make 

GO often found as a reinforcing material in composites. 

Compositing with GO is expected to increase the 

capacitance and electrical conductivity of 

supercapacitor electrode materials [16].  
Previous research has analyzed the potential of 

sulfonated eugenol diallyl phthalate copolymers 

(SPEGDAF) as environmentally friendly materials for 

supercapacitor electrodes. Ngadiwiyana et al. [17] 

reported that SPEGDAF have specific capacitance and 

electrical conductivity capabilities that can be used as 

supercapacitor electrodes. It was demonstrated an 

increase in the material’s conductivity before and after 

sulfonation, from 4.76×10‒6 to 7.58×10‒6 S/cm. 

Research by Li et al. [18] showed that the compositing 

of graphene oxide in polyaniline (PANI) showed an 

increase in specific capacitance and ion conductivity 

Composites with GO increased the capacitance of PANI 

material from 47.7 - 199.6 F/g. Research by Kianfar [19] 

coduncted the integration of graphene derivatives with 

organic materials such as polymers can enhance 

miniaturization, functionality, and overall material 

efficiency.  Rattanaveeranon [20] also reported the 

integration material with graphene nanocomposites not 

only enhances performance but also aligns with green 

material innovation, offering a pathway toward more 

accessible and environmentally friendly energy storage 

solutions. In this study, SPEGDAF was synthesized and 

modified due to its renewable and environmentally 

friendly nature, while its performance as a 

supercapacitor electrode was enhanced through 

compositing with GO. This research is anticipated to 

contribute insights toward the development of high-

performance and eco-friendly supercapacitors. 

Furthermore, it aims to enhance the functional value of 

eugenol and clove oil by promoting their optimal use as 

abundant and renewable natural resources in Indonesia. 

 

Materials and methods 

Chemicals and instrumentation 

Chemicals used for polymer synthesis were 

eugenol (C10H12O2, ≥ 98%, Merck, Germany), diallyl 
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phthalate (C14H14O4, ≥ 97% purity, Merck, Germany), 

boron trifluoride etherate (BF3−O(C2H5)2, ≥ 98% purity, 

Merck, Germany), chloroform (CHCl3, ≥ 99.8%, Merck, 

Germany), methanol (CH₃OH, ≥ 99.9%, Merck, 

Germany), ethanol (C₂H₅OH, 96%, Merck, Germany), 

dichloromethane (CH2Cl2, ≥ 99.9%, Merck, Germany), 

ethyl acetate (C4H8O2, ≥ 99.5%, Merck, Germany), 

diethyl ether (C4H10O, ≥ 99.8%, Merck, Germany), and 

anhydrous sodium sulfate (Na2SO4, ≥ 99%, Merck, 

Germany). Chemicals used for sulfonation were sulfuric 

acid (H2SO4, 98%, Merck, Germany), sodium chloride 

(NaCl, ≥ 99.5%, Merck, Germany), sodium hydroxide 

(NaOH, ≥ 98%, Merck, Germany), and phenolphthalein 

indicator (PP indicator, analytical grade, Merck, 

Germany). Chemicals used for GO synthesis were 

distilled water, graphite powder (≥ 99%, Merck, 

Germany), hydrogen peroxide (H2O2, 30%, Merck, 

Germany), potassium permanganate (KMnO4, ≥ 99%, 

Merck, Germany), hydrochloric acid (HCl, 37%, Merck, 

Germany), universal pH indicator, and filter paper. 

Chemicals used for electrode preparation were 

tetrahydrofuran (THF, ≥ 99.9%, Merck, Germany), 

acetone (C3H6O, ≥ 99.5%, Merck, Germany), 

sandpaper, copper plate (0.5×5 cm2), and aluminum foil.  

The instrumentation used were Fisher-John 

melting point apparatus, Ultrasonication, Cary 630 

FTIR Spectrometer, Rodeostat (all from the U.S.A.). 

Powder X-ray Diffraction (P-XRD), Centrifuge 

(HETTICH), Thermogravimetric Analyzer (TG7300), 

(all from German), and PalmSens4 Electrochemical 

Impedance Analyser/Potentiostat/Galvanostat which 

were manufactured in Netherland. 

 

Synthesis of eugenol diallyl phthalate 

copolymer (PEGDAF) 

The procedure of synthesis PEGDAF was carried 

out based on the previous study conducted by 

Ngadiwiyana et al. [21]. Eugenol (65 mmol, 10.03 mL) 

and diallyl phthalate (6.5 mmol, 1.427 mL) were put into 

a three-necked flask that had been assembled in a reflux 

system with nitrogen gas (N2) flow. BF3O(C2H5)2 (5 

mL) was added slowly using a dropping funnel and then 

stirred for 24 h. Methanol (2 mL) was added to stop the 

polymerization reaction, and then the solution was left 

for 4 h. The solution formed thickened and changed 

color from yellow to blackish brown. The polymer 

formed was dissolved in diethyl ether (50 mL), then 

neutralized through a washing process using distilled 

water until it reached a neutral pH. The polymer solution 

in diethyl ether and the water layer were separated using 

a separating funnel. The remaining polymer dissolved in 

diethyl ether is evaporated in a desiccator and then 

ground in to powder. 

 

Sulfonation eugenol diallyl phthalate 

copolymer (SPEGDAF) 

The procedure of Sulfonation PEGDAF was 

carried out based on the on the previous study conducted 

by Ngadiwiyana et al. [21]. PEGDAF (4 g) was 

dissolved in chloroform (60 mL) in a three-necked flask. 

Sulfuric acid (0.03 mol, 1.6 mL) was added and then the 

solution was refluxed at 60 °C while being stirred for 

two hours with nitrogen gas (N2) flowing. Cold distilled 

water (100 mL) was added until two layers were formed. 

The two layers were separated using a separating funnel. 

The layer containing the polymer was evaporated in a 

desiccator and then milled to obtain powder. 

 

Synthesis of graphene oxide (GO) 

GO was synthesized using a modified hummers 

method without NaNO3 [22]. Graphite powder (4 g) was 

added with 98% sulfuric acid (100 mL) in a 1,000 mL 

beaker and the temperature was maintained below 10 °C 

while stirring. Potassium permanganate (12 g) was 

added slowly while maintaining the temperature below 

10 °C. After that, distilled water (100 mL) was added 

dropwise while the temperature was raised to 90 °C. 

Distilled water (300 mL) and 30% hydrogen peroxide 

(20 mL) were added directly and the solution was left 

overnight at room temperature under ambient air 

conditions. The solution was filtered and the residue was 

washed with 10% HCl, then neutralized. The neutralized 

residue was dissolved in distilled water and 

ultrasonicated for 20 min. The graphene oxide was 

filtered and dried in an oven at 60 °C. 

 

Synthesis of sulfonated eugenol diallyl 

phthalate copolymer/Graphene Oxide composite 

(SPEGDAF/GO) 

SPEGDAF (0.9 g) was dissolved in THF (2.5 mL) 

in a vial bottle. The amount of THF was sufficient to 

fully dissolve the polymer under the described 

conditions. The dissolved SPEGDAF was then added 

with GO using a mass ratio (g) of 9:1. Only this ratio 
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was investigated in the present work. The mixture was 

stirred using a stirrer for 90 min, then ultrasonicated for 

30 min and stirred again for 30 min. 

 

Preparation of working electrode  

The working electrode for electrochemical 

measurements was carried out by coating the PEGDAF, 

SPEGDAF, and SPEGDAF/GO composite on copper 

metal. Copper metal was prepared by polishing the 

copper plate (0.5×5 cm2) with sandpaper. The plate was 

washed using distilled water, acetone, and then distilled 

water again in sequence. The copper metal plate was 

coated with a composite solution using the drop-casting 

method, followed by drying at room temperature 

overnight under ambient air conditions. 

 

Electrochemical measurements 

The electrochemical performance was evaluated 

using a three-electrode system, where PEGDAF, SPEG-

DAF, and SPEGDAF/GO composite functioned as the 

working electrodes. A platinum (Pt) plate served as the 

counter electrode, while Ag/AgCl was used as the refer-

ence electrode. An 1 M HCl solution was employed as 

the electrolyte. Cyclic voltammetry (CV) measurements 

were conducted using a rodeostat with a scan rate of 5 

mV/s within a potential window from – 0.3 to + 0.1 V. 

Additionally, Electrochemical Impedance Spectroscopy 

(EIS) analysis was performed using a PalmSens4 Elec-

trochemical Impedance Analyzer across a frequency 

range of 0.01 Hz to 10⁵ Hz. 

 

Results and discussion 

Synthesis of eugenol diallyl phthalate 

copolymer (PEGDAF) 

The synthesis of PEGDAF is carried out through a 

cationic addition polymerization reaction with boron 

trifluoride etherate as the initiator. The 

copolymerization process consists of initiation, 

propagation, and termination stages. In initiation, 

carbocation formation occurs as indicated by a color 

change from yellow to blackish red. In propagation, the 

monomer attacks the carbocation to form a new 

carbocation. Propagation continues to form longer 

polymer chain marked by phase change. Termination is 

the last stage of copolymerization where the 

copolymerization process is stopped by adding 

methanol and polymer changes to a solid.  The 

copolymerization reaction mechanism is shown in 

Figure 1.

 

Initiation 

 

Propagation 

 

Termination 

 

Figure 1 Reaction mechanism of synthesis PEGDAF. 
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The sythesized PEGDAF is a pink solid powder 

with a yield of 95.1%. Soluble in methanol, 

dichloromethane, ethyl acetate, chloroform, and 

insoluble in aquadest. PEGDAF has a melting point of 

84 oC and a molecular weight of 7,611.06 daltons. To 

confirm the success of the copolymerization process, 

functional group analysis was conducted using FTIR as 

shown in Figure 2. The success of copolymerization is 

indicated by the absence of C=C alkene absorption band 

(around 1,640 cm-1) in PEGDAF. The loss of vinyl 

groups is due to the addition reaction in each monomer. 

The presence of C=O ester absorption band (around 

1,721 cm-1) from diallyl phthalate indicates that cross-

linking has occurred. The presence of O−H absorption 

band (around 3,500 cm-1) from eugenol signifying the 

successful synthesis of PEGDAF.

 

 

Figure 2 FTIR Spectra of PEGDAF. 

 

The thermal stability of PEGDAF was evaluated 

using Thermogravimetric Analysis (TGA) and its 

derivative (DTG), as presented in Figure 3. The analysis 

showed that PEGDAF experienced mass losses of 5% 

and 10% at temperatures of 176 and 219 °C, 

respectively. These weight losses are attributed to the 

decomposition of side groups such as methyl (–CH₃) 

and methoxy (–OCH₃), which require relatively high 

temperatures to break their bonds. In comparison, 

polyeugenol exhibited 5% and 10% mass losses at lower 

temperatures, 75 and 186 °C, respectively, indicating a 

lower thermal resistance. The higher thermal stability of 

PEGDAF demonstrates that cross-linking polyeugenol 

with diallyl phthalate significantly enhances its thermal 

resistance. This improvement is particularly 

advantageous for applications involving faradaic 

processes, where materials are subjected to elevated 

temperatures and electrochemical stress.

 

 

Figure 3 TGA-DTG Thermogram of PEGDAF. 
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Sulfonation eugenol diallyl phthalate 

copolymer (SPEGDAF) 

The sulfonation process of PEGDAF was carried 

out with a sulfuric acid sulfonation agent. The addition 

of sulfonate groups was carried out to increase the 

electrical conductivity of PEGDAF. The sulfonation 

reaction of PEGDAF is shown in Figure 4. SPEGDAF 

is a blackish brown solid which is soluble in methanol, 

ethyl acetate, chloroform, dichloromethane and 

insoluble in distilled water. The melting point and 

molecular weight obtained increased from 84 - 110 °C 

and from 7,611.06 daltons - 1,3674.54 daltons. This 

occurs because the addition of sulfonate groups                        

(‒SO3H) causes an increase in molecular weight.

 

 

Figure 4 Sulfonation Reaction of PEGDAF. 

 

Determination of cation exchange capacity (CEC) 

is carried out using the acid-base titration method. 

SPEGDAF is soaked in NaOH solution, which will 

substitute the sulfonate group (‒SO3H), namely Na+ ions 

substitute H+ ions to produce H2O and leave unreacted 

NaOH. The reaction between (‒SO3H) and NaOH 

shown in Figure 5. NaOH that has not reacted with                 

(‒SO3H) is able to determine the CEC in SPEGDAF 

[13]. CEC functions to test the ability of a polymer to 

provide cations contained in its functional groups with 

cations in the system. The easier it is for a compound to 

release H+ ions, the greater its cation exchange capacity. 

In supercapacitors, polymers must have a large CEC so 

that they can increase the polymerʼs ability to conduct 

electricity [23]. Determination of the average amount of 

(‒SO3H) in each polymer chain unit is measured by 

determining the degree of sulfonation (DS). A higher 

CEC corresponds to a higher DS in sulfonated 

copolymers.

 

 

Figure 5 Substitution Reaction on Determining CEC and DS. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Trends Sci. 2026; 23(3): 11471   7 of 16 

  

 

The cation exchange capacity (CEC) value in 

SPEGDAF is calculated using Eq. (1) 

 

CEC = 
(𝑉𝐵𝑙𝑎𝑛𝑘−𝑉𝑆𝑎𝑚𝑝𝑙𝑒)×𝑀𝑁𝑎𝑂𝐻

𝑆𝑎𝑚𝑝𝑙𝑒 𝑊𝑒𝑖𝑔ℎ𝑡
               (1) 

 

The degree of sulfonation (DS) value in 

SPEGDAF is calculated using Eq. (2) 

 

DS = CEC × 10-3 × Mol.wt SO3H × 100%             (2) 

 

where, Vblank refers to volume of the NaOH 

solution, Vsample represents the volume of the sample 

containing the NaOH solution, and MNaOH is the 

molarity of the NaOH solution.  

The calculation results of CEC and DS of 

SPEGDAF were obtained at 3.856 meq/g and 31.16%. 

The success of sulfonation in SPEGDAF can be seen 

through its DS value. Polymers that have a degree of 

sulfonation of more than 40% can easily dissolve in 

water.  

The formation of sulfonate groups (−SO3H) in 

SPEGDAF can be analyzed using FTIR as shown in 

Figure 6. Absorption band of the sulfonate groups S=O, 

S−O, and C−S appear. Comparison of FTIR absorption 

data of PEGDAF and SPEGDAF is shown in Table 1. 

Based on data obtained, S=O and C−O ether groups had 

the same wave number (1,213 cm-1). This occurs 

because of the accumulation of peaks between the S=O 

and C−O ether groups. Therefore, deconvolution of the 

FTIR spectra was carried out to prove the presence of 

S=O as shown in Figure 7. The deconvolution showed 

the addition of derivative peaks, namely two 

absorptions, C−O ether (1,213 cm-1) and S=O (1,227 

cm-1) while PEGDAF has C−O ether absorption (1,216 

cm-1). The presence of S=O groups in sulfonated 

eugenol diallyl phthalate copolymers in the FTIR 

spectra deconvolution proves that sulfonation was 

successful.

 

 

Figure 6 FTIR Spectra of SPEGDAF. 

 

Table 1 Absorption ranges of PEGDAF before and after sulfonation. 

Functional group 
Wavenumber (cm-1) 

PEGDAF SPEGDAF 

C−O stretching 

S=O stretching 

S−O stretching 

C−S stretching 

1,216 

- 

- 

- 

1,213 

1,213 

1,059 

748 
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Figure 7 Deconvolution of FTIR spectrum of a) PEGDAF and b) SPEGDAF. 

 

The thermal resistance of SPEGDAF was 

measured by TGA-DTG analysis as shown in Figure 8. 

The mass reduction of 5% and 10% in SPEGDAF 

occurred at temperatures of 169 and 215 °C, which were 

lower than PEGDAF. The decrease in the thermal 

resistance of SPEGDAF was due to the degradation of 

sulfonate groups [17]. The presence of sulfonate groups 

tends to increase polarity and decrease its thermal 

stability, so that sulfonated polymers tend to degrade at 

lower temperatures [24].

 

 

Figure 8 TGA-DTG Thermogram of SPEGDAF. 

 

Synthesis of graphene oxide (GO) 

Graphene oxide (GO) was synthesized using a 

modified hummer method, which does not use NaNO3 

which can produce toxic gases NO2 and N2O4 [25]. This 

method runs through two stages, namely the oxidation 

and exfoliation processes that shown in the Figure 9. 

The reaction of KMnO4 with graphite will form a 

graphite oxidation process due to the release of oxygen 

atoms from decomposition of KMnO4. Hydrogen 

peroxide (H₂O₂) is added to quench the oxidation 

reaction and to reduce any remaining potassium 

permanganate (KMnO₄), ensuring the completion of the 

reaction [26]. The next step involves exfoliation using 

the ultrasonication method to separate the layers of 

graphite oxide. The ultrasonic waves disrupt the van der 

Waals forces between the layers, resulting in the 

formation of graphene oxide sheets [27].

 

a) b) 
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Figure 9 Ilustration of Synthesis GO. 

 

The synthesized GO are brownish black sheets 

with a yield of 62.5%. The resulting color is a form of 

light absorption by the stacking of graphene oxide 

sheets. The oxygen functional groups in GO were 

analyzed using FTIR as shown in Figure 10. The 

absence of significant peaks in graphite indicates the 

inert chemical nature of graphite and its very stable and 

symmetrical bond structure [28]. The absorption bands 

of GO oxygen groups were obtained, O−H (3338 cm-1 

and 1,407 cm-1), C=O stretching (1,717 cm-1) and C−OH 

stretching (1,227 cm-1) indicating the presence of 

−COOH groups. In addition, absorption wave numbers 

C=C (1,622 cm-1) and C−O (1,051 cm-1) appeared which 

indicated the presence of C−O−C groups.

 

 

 

Figure 10 FTIR Spectra of Graphene Oxide. 

 

The success of the synthesis is also shown by 

comparing the results of the XRD analysis between GO 

and graphite. The X-ray diffraction pattern obtained at 

the diffraction angle of 2θ in the range of 5° - 90° is used 

to identify the d-spacing and the crystal size of GO. The 

results of the XRD analysis are shown in Figure 11.
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Figure 11 XRD Patterns of Graphene Oxide. 

 

The d-spacing corresponding to the most intense 

crystalline peaks of various samples was determined 

using Bragg’s equation [29]: 

 

nλ = 2dsinθ                (3) 

 

Where n represents an integer value (with n = 1), 

λ denotes the wavelength of the X-ray source (CuKα₁ = 

1.54 Å), and θ is the angle formed between the incident 

and reflected rays.  

The crystallite size (D) corresponding to the most 

intense crystalline peak is determined through the 

Debye-Scherrer equation [30]. 

 

D =  
𝐾𝜆 

𝛽𝑠𝑐𝑜𝑠𝜃
                (4) 

Where K = 0.89 is the shape factor associated with the 

average crystallite size, λ is the wavelength of CuKα 

radiation and is 0.154 nm, θ is Bragg’s angle of 

diffraction, and βs refers to the full width at half 

maximum (FWHM) of the crystalline peak, expressed in 

radians.  

The calculation results are shown in Table 2. The 

shift in the diffraction peak occurs due to the presence 

of oxygen functional groups from the oxidation process. 

The crystal size of GO shows the resulting d-spacing, 

the smaller the crystal size produced, greater the d-

spacing due to the increased formation of oxygen 

functional groups in the interlayer [31]. A smaller 

crystal size will form a low intensity related to high 

oxidation in GO [32].

 

Table 2 The Interlayer Spacingʼs (d) and Crystallite Size (D) of The Materials. 

Samples 2θ (o) θ (o) d (Å) D (nm) 

Graphite 26.53 13.265 3.35 24.63 

Graphene Oxide 10.53 5.265 8.39 7.06 

 

Synthesis of sulfonated eugenol diallyl 

phthalate copolymer/graphene oxide composite 

(SPEGDAF/GO) 

SPEGDAF/GO composite was synthesized 

through physical dispersion method with stirring and 

sonication. SPEGDAF and GO were mixed in 

tetrahydrofuran (THF) solvent to obtain a brownish 

black composite. The interaction between SPEGDAF 

and GO involves several different interaction 

mechanisms. The oxygen group (-OH) in the GO 

structure forms hydrogen bonds with the hydroxyl group 

in SPEGDAF. The phi-phi interaction is also formed 

due to the interaction between the benzene rings of the 

material, creating a connection between the two 

materials but does not produce a new functional group. 

The proposed interaction between SPEGDAF and GO is 

shown in Figure 12. 
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Figure 12 Proposed Interaction of SPEGDAF/GO Composite. 

 

FTIR was performed to determine the functional 

groups in the SPEGDAF/GO composite as shown in 

Figure 13. It shows the absorption peaks of C=O (1,721 

cm-1), aromatic C=C (1,600 cm-1), S=O (1,213 cm-1), 

S−O (1,057 cm-1), and C−S (748 cm-1). The wider O−H 

group absorption peak in the composite compared to 

SPEGDAF indicates the presence of more hydrogen 

groups due to the presence of graphene oxide. The 

typical peak of graphene oxide in the composite is 

difficult to see due to the overlapping absorption peaks 

between GO and SPEGDAF.

 

 

Figure 13 FTIR Spectra of SPEGDAF/GO Composite. 

 

 

Electrochemical performance 

The specific capacitance (Csp) of the electrode was 

tested using cyclic voltammetry with 1 M HCl 

electrolyte solution and at scan rate of 5 mV/s. The 

voltammogram showed pseudocapacitive properties 

because there was a redox peak resulting from the 

faradic reaction. The surface area of the SPEGDAF/GO 

composite voltammogram results was larger than 

SPEGDAF and PEGDAF. The larger the surface area of 

a material in the cyclic voltammogram, the greater its 

ability to absorb and release charges maximally [21]. 

This is able to increase the specific capacitance of the 

supercapacitor electrode to store a larger charge. These 

results are shown in the graph of the specific capacitance 

of PEGDAF, SPEGDAF, and SPEGDAF/GO in Figure 

14. 
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Figure 14 CV Voltammogram of PEGDAF, SPEGDAF, and SPEGDAF/GO. 

 

The specific capacitance is calculated using Eq. 

(6) [33].  

 

Csp = 
1

𝑚×𝑘×(𝑉1−𝑉2)
∫ 𝐼𝑣. 𝑑𝑣               (6) 

 

Where, (V1 ‒ V2) the working potential window 

(0.4 V), m refers to the mass of the active electrode 

material (g), k is the scan rate (mV/s), and ∫ Iᵥ dv 

represents the area under the current voltage curve 

covered by the active material. 

Based on the calculations and graphs, the specific 

capacitance of PEGDAF, SPEGDAF, and 

SPEGDAF/GO is 0.026, 0.79 and 2.47 F/g. The higher 

specific capacitance of SPEGDAF compared to 

PEGDAF correlates with its greater cation exchange 

capacity. A higher cation exchange capacity enhances 

ionic mobility and charge storage, thereby increasing the 

polymer’s overall electrical conductivity [34]. The 

specific capacitance of the composite is the largest 

because GO has a large specific surface area (around 

2,391 m2/g) making the contact area with the electrolyte 

larger and increasing the specific capacitance [35]. The 

specific capacitance value of a supercapacitor electrode 

material is around 5.844×10-9 up to 2,700 F/g [36]. 

Based on the results obtained, it is proven that the 

SPEGDAF/GO composite material has great potential 

as an environmentally friendly material for 

supercapacitor electrodes and this also shows that the 

compositing of SPEGDAF with GO can increase the 

specific capacitance of the supercapacitor electrode. 

The electrical conductivity of the electrode was 

tested using Electrochemical Impedance Spectroscopy 

(EIS) with 1 M HCl electrolyte solution and a frequency 

range of 0.01 Hz-105 Hz. Based on EIS obtained, the 

electrolyte resistance (Rs) and charge transfer resistance 

(Rct) values of PEGDAF, SPEGDAF, and 

SPEGDAF/GO are shown in Table 3.

 

Table 3 The electrolyte resistance (Rs) and charge transfer resistance (Rct) values of working electrode. 

Samples Rs (ohm) Rct (ohm) 

PEGDAF 

SPEGDAF 

SPEGDAF/GO 

4.86 

3.42 

3.02 

51.27 

45.16 

29.87 

 

The Rs and Rct values of SPEGDAF are lower 

than PEGDAF because the sulfonate group in 

SPEGDAF makes ion transfer faster between electrolyte 

and electrode. In the SPEGDAF/GO composite, both Rs 

and Rct values are lower compared to SPEGDAF alone, 

as the layered or sheet-like structure of GO facilitates 

rapid ion transport, resulting in reduced resistance. The 

lower the Rs and Rct values, the greater the ion 
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conductivity value during charging and discharging 

[37]. These results are supported by the Nyquist plot of 

PEGDAF, SPEGDAF, and SPEGDAF/GO in Figure 

15.

 

 

Figure 15 Nyquist plots of PEGDAF, SPEGDAF, and SPEGDAF/GO. 

 

The specific capacitance is calculated using Eq. 

(7) [38]. 

 

𝜎 =  
𝐼

𝑅𝑏×𝐴
                (7) 

 

Where, Rb is bulk resistance measured (Ω), while 

I refers to the thickness of the electrode (cm), and A 

represents the surface area of the electrode (cm²). 

Based on the calculations and graphs obtained, the 

electrical conductivity of PEGDAF, SPEGDAF, and 

SPEGDAF/GO is 2.34×10-4, 2.65×10-4 and 4.02×10-4 

S/cm. The conductivity value of a material to be 

classified as a semiconductor is around 10-8 - 103 S/cm 

[25]. Based on the results obtained, it is proven that the 

SPEGDAF/GO Composite material has great potential 

as an environmentally friendly material for 

supercapacitor electrodes and this also shows that the 

compositing of SPEGDAF with GO can increase the 

electrical conductivity of supercapacitor electrodes. 

 

Conclusions 

This study successfully synthesized 

SPEGDAF/GO composites through physical mixing of 

sulfonated eugenol diallyl phthalate copolymer and 

graphene oxide with a mass ratio of 9:1. The synthesis 

of PEGDAF and its sulfonation process were proven 

successful through FTIR, TGA analysis, and 

characterization of melting point and molecular weight. 

Sulfonation increased the cation exchange capacity to 

3.856 meq/g and produced a sulfonation degree of 

31.16%. Graphene oxide synthesized using the modified 

Hummers method showed success through the 

emergence of oxygen groups (–OH, –COOH, –CHO, 

epoxy) and typical diffraction peaks on XRD. The 

SPEGDAF/GO composite showed improved 

supercapacitor electrode performance, with a specific 

capacitance of 2.47 F/g and an electrical conductivity of 

4.02×10‒4 S/cm. These results indicate that the 

composite has the potential to be an environmentally 

friendly and functional supercapacitor electrode 

material. 
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