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Abstract
Reduced graphene oxide (rGO) was successfully synthesized using environmentally friendly reducing agents derived from 
natural sources including Zanthoxylum acanthopodium (andaliman), Murraya paniculata (kemuning leaves), Psidium gua-
java (guava leaves), and Miconia crenata (senduduk bulu)—via a modified Hummers method. The structural and phys-
icochemical properties of the synthesized materials were characterized using X-ray diffraction (XRD), Fourier transform 
infrared spectroscopy (FTIR), ultraviolet–visible (UV–Vis) spectroscopy, scanning electron microscopy (SEM), Brunauer–
Emmett–Teller (BET) analysis, and electrochemical techniques. XRD analysis revealed a shift in the characteristic GO peak 
from 11.04° to higher angles (21.79°–26.00°), confirming successful reduction. FTIR spectroscopy demonstrated reduction 
efficiency of 42.28%–52.63%, while UV–Vis spectra exhibited a redshift in absorption peaks, indicating restored π-electron 
conjugation. SEM images showed aggregated, wrinkled morphology with exfoliated sheets, and BET analysis confirmed 
mesoporosity (pore diameters 2–50 nm). Electrochemical studies revealed excellent linear correlations (R2 > 0.99), highlight-
ing efficient electron transfer. This work underscores the potential of plant-derived reductants as sustainable alternatives for 
high-quality rGO synthesis, suitable for advanced electrochemical applications.

Keywords  Reduced graphene oxide · Green synthesis · Natural reducing agents · Electrochemical properties · Sustainable 
materials

1  Introduction

Graphene and its derivatives, such as graphene oxide (GO) 
and reduced graphene oxide (rGO), are composed of a 
single two-dimensional layer of carbon atoms (Chandra 
Mohan Kurmarayuni, Krishna Kumari, Srikanth, and Kura-
pati 2024). These materials exhibit exceptional electronic, 
thermal (Farooq, et al. 2024), mechanical (Jovanovic, et al. 
2024), and optical properties (T. N 2024). Although vari-
ous methods—such as liquid-phase exfoliation, mechanical 
exfoliation (Yip and Tong 2023), epitaxial growth on sili-
con carbide (Othman et al. 2022), chemical vapor deposition 
(CVD) (Zhang, et al. 2022), and chemical oxidation–reduc-
tion—have been employed to synthesize single-layer gra-
phene (Singh et al. Apr. 2023; Khan and Shaida 2023), only 
the chemical oxidation–reduction route has been commer-
cialized, owing to its capacity for large-scale production of 
high-quality graphene (Khan and Shaida 2023). Graphene 
and its derivatives possess a remarkably high surface area of 
approximately 2630 m2/g (Zhang et al. 2020), making them 
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highly desirable for a broad range of applications, including 
electronics, catalysis (Kumari and Bhandari 2024), chemi-
cal sensing (Mahalingam et al. 2023), drug delivery (Kumar 
et al. 2023), and as active components in nanocomposites. 
Graphite consists of multiple layers of covalently bonded 
carbon atoms, from which graphene is derived as a single, 
isolated layer (Patra et al. 2017). GO is rich in oxygen-
containing hydrophilic functional groups such as hydroxyl, 
carboxyl, epoxy, and carbonyl, making it highly dispersible 
in aqueous media (Makaudi et al. 2023). In contrast, rGO 
is produced through a reduction process that significantly 
decreases the presence of these functional groups, thereby 
restoring partial conductivity and enhancing its electrochem-
ical properties (Liu et al. 2022). Although the production 
of pristine graphene with nearly 100% single-layer content 
remains challenging and expensive, rGO is often favored for 
practical applications due to its relatively simple synthesis 
and tunable properties (Asih 2019; Baqiya et al. 2020).

The chemical oxidation of graphite into graphene oxide 
can be performed through several methods, including the 
Brodie (Brodie 1960), Staudenmaier (Staudenmaier 1898), 
Hummers (Hummers and Offeman 1958), and modified 
Hummers methods (Alam et al. 2017). Among these, the 
Hummers method is particularly preferred due to its ability 
to complete the reaction in a few hours, replacing the hazard-
ous KClO₃ with KMnO₄ to introduce oxygenated functional 
groups into the graphite structure. The interlayer van der 
Waals forces are weakened by the introduction of oxygen-
ated functional groups into the graphite structure (Chong 
et al. 2015). In addition, the use of KMnO₄ enhances the 
safety of the GO synthesis process (Liu et al. 2018), while 
the replacement of fuming HNO₃ with NaNO₃ effectively 
eliminates the formation of hazardous acid mist (Alam 
et al. 2017). Despite its advantages, however, the Hummers 
method still has some drawbacks, such as the release of toxic 
gases like NO₂ and N₂O₄ and the difficulty in removing 
residual Na⁺ and NO₃⁻ ions from the wastewater generated 
during the synthesis and purification of GO. In this study, 
we modified the traditional Hummers method to increase 
product yield and reduce toxic gas emissions by adjusting 
the proportions of KMnO₄ and H₂SO₄ used, making the 
process more efficient and environmentally friendly.

The process of reducing GO to rGO involves breaking 
C–OH bonds, which makes it easier to reconstruct C–C 
bonds (Liu and Speranza 2022). The use of chemicals such 
as hydrazine hydrate, sodium borohydride, and hydroqui-
none, which are classified as powerful reductants, is com-
mon in this reduction process (Shayeghi Sabzevar and M. 
M. Bagheri – Mohagheghi, and A. Shirpay 2022; Anju and 
Renuka 2019; Panicker and Sahu 2021). However, recent 
studies have explored new approaches for developing envi-
ronmentally friendly reducing agents, such as Thuja orien-
talis (Kumar et al. 2021), oil palm leaf extract (Amir Faiz 

et al. 2020), nettle leaf extract (Mahmudzadeh et al. 2019), 
eucalyptus leaf extract (Jin et al. 2018), soursop leaf extract 
(Annona muricata) (Fatimah et al. 2022), pomelo (Citrus 
maxima), and Tamarindus indica extract (Panicker and Sahu 
2021), to address the hazardous nature of hydrazine. These 
green reductants are natural antioxidants that are nontoxic 
and possess high reducing potential, making them ideal 
alternatives to hydrazine (Faniyi, et al. 2019). While ascor-
bic acid has been widely used for the production of rGO, 
limited research has been conducted on the use of other 
green reducing agents, such as plant extracts, in this pro-
cess. The presence of active compounds such as aporphine, 
isoquinoline, chlorogenic acid, enzymes, chelating agents, 
vitamins, and mono-epoxy functional groups in the leaf 
extract has the potential to reduce and chemically modify 
the surface of GO (Jin et al. 2018). For instance, hydroxyl 
functional groups from phenolic structures can facilitate the 
removal of oxygenated functionalities through a reduction 
mechanism (Fatimah et al. 2022; Ramanathan et al. 2021).

Fatimah et  al. (2022) synthesized rGO sheets using 
Annona muricata extract as a reducing agent. They employed 
a modified Hummers method incorporating NaNO₃ to syn-
thesize GO. Their results demonstrated a reduction effi-
ciency of 86.85% with a reduction time of 24 h (Fatimah 
et al. 2022). Similarly, Bhattacharya et al. (2017) achieved 
reduction efficiency of 72.51% using Aloe vera as the reduc-
ing agent (Bhattacharya et al. 2017). In another study, Chen 
et al. (2018) produced GO using a modified Hummers pro-
cess and subsequently reduced it to rGO using ascorbic acid. 
Their findings indicated successful elimination of oxygen 
groups, confirming the efficacy of the reduction process 
(Chen et al. 2018).

This study adopts an environmentally friendly approach 
for the synthesis of GO and its subsequent reduction. The 
oxidation process was conducted using a modified Hummers 
method, a greener alternative that replaces fuming HNO₃ 
with NaNO₃, thereby eliminating acid mist formation and 
enhancing safety. GO was subsequently reduced to pro-
duce rGO using natural reducing agents derived from plant 
extracts of Zanthoxylum acanthopodium (andaliman), Mur-
raya paniculata (kemuning leaves), Psidium guajava (guava 
leaves), and Miconia crenata (senduduk bulu). The method-
ology employed is relatively straightforward and potentially 
scalable for large-scale rGO production. However, a signifi-
cant challenge remains in producing monolayer graphene, as 
the process typically yields few-layer or multilayer rGO with 
residual oxygen-containing functional groups.

Unlike previous studies that often focused on a single 
type of plant extract or commercial reductants such as ascor-
bic acid, this research provides a comprehensive compara-
tive evaluation across multiple tropical plant species within a 
unified experimental framework. This approach not only lev-
erages underutilized local biodiversity but also offers novel 
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insights into the relationship between reduction efficiency, 
structural transformation, and electrochemical performance 
of the resulting rGO. Accordingly, this study contributes 
to the advancement of sustainable carbon-based materials 
derived from renewable natural resources for emerging elec-
trochemical sensor technologies.

2 � Experimental method

2.1 � Materials

Andaliman, kemuning leaves, guava leaves, and senduduk 
bulu were obtained from an agricultural area in North Suma-
tra, Indonesia. Graphite flake powder (99% carbon), ethanol, 
distilled water, potassium permanganate (KMnO4), sulfu-
ric acid (H2SO4), sodium nitrate (NaNO3), hydrochloric 
acid (HCl) 37%, and hydrogen peroxide (H2O2) 30% were 
obtained from Sigma-Aldrich.

2.2 � Preparation of extract

Powder of andaliman leaves, kemuning leaves, guava leaves, 
and senduduk bulu was added to ethanol 70% and stirred 
using a magnetic stirrer at room temperature for 1 h. The 
solution was then filtered to eliminate the sediment left from 
the extract solution.

2.3 � Synthesis of graphene oxide

The synthesis of GO was performed using a modified 
Hummers method, as reported by Gea et al. (2022) (Gea 
et al. 2022). The process consisted of the following steps: 
A mixture of 69 mL H₂SO₄ and 3 g graphite powder was 
stirred in an ice bath. Subsequently, 1.5 g NaNO₃ was gradu-
ally added and stirred for 30 min while maintaining ice bath 
conditions. Then, 9 g KMnO₄ was slowly introduced, with 
the reaction temperature carefully controlled below 20 °C, 
and stirring continued for 2 h. The reaction vessel was then 
removed from the ice bath, and stirring was continued at 35 
°C for 20 h. Following this, 150 mL of deionized water was 
slowly added, resulting in a significant exothermic reaction. 
This mixture was stirred for 30 min in an oil bath, ensuring 
the temperature did not exceed 98 °C. After removing the 
oil bath, the reaction was cooled in a water bath for 10 min. 
Subsequently, 420 mL of distilled water was added, followed 
by 3 mL of H₂O₂ (30%), and the mixture was stirred for 30 
min, during which the reaction turned yellowish-brown. The 
resulting product was filtered and washed with 5% HCl to 
remove metal ions, followed by thorough rinsing with dis-
tilled water to eliminate residual acid. Finally, the sample 
was dried at 60 °C for 12 h to obtain solid GO.

2.4 � Synthesis of reduced graphene oxide

The synthesis of rGO was carried out using various green 
reducing agents. The process involved the following steps: 
First, 0.1 g of GO was added to 80 ml of the green reducing 
agent extract. The mixture of GO and the green extract was 
continuously stirred for 24 h while maintaining the tem-
perature at 80 °C. After stirring, the resulting sample was 
centrifuged and washed several times with distilled water 
(DW), followed by vacuum drying at 60 °C overnight. The 
dried sample was ground into powder form and stored for 
further analysis. The samples were designated as rGO-A 
(rGO from andaliman extract), rGO-K (rGO from kemun-
ing leaf extract), rGO-G (rGO from guava leaf extract), and 
rGO-SB (rGO from senduduk bulu leaf extract).

2.5 � Material characterization

The physicochemical properties of the synthesized rGO were 
thoroughly characterized using a series of analytical tech-
niques. The surface morphology and elemental composition 
of the rGO samples were examined using a scanning electron 
microscope (SEM, JEOL JSM-IT700HR, South Korea) at 
× 25,000 magnification. A total of four rGO samples, each 
reduced using natural reducing agents derived from andali-
man, kemuning leaves, guava leaves, and senduduk bulu, were 
analyzed. Crystallinity changes in the samples were assessed 
by powder X-ray diffraction (XRD) using a Philips X’Pert Pro 
diffractometer (Netherlands) with Cu Kα radiation (λ = 1.541 
Å). The diffraction patterns of the four rGO samples were 
compared with that of unreduced GO to identify peak shifts 
and changes in interlayer spacing, which indicate successful 
reduction. Functional group analysis was conducted using 
Fourier transform infrared (FTIR) spectroscopy (Agilent Cary 
630 FTIR spectrometer, USA) within the range of 4000–400 
cm⁻1 to confirm the removal of oxygen-containing groups fol-
lowing reduction. The vibrational modes of the compounds 
were examined using Raman spectroscopy (Thermo Scien-
tific DXR Raman microscope, USA, 532 nm laser excitation 
source). The UV–visible absorption spectra of the samples 
were recorded using a UV–Vis spectrophotometer (Janway 
7135, UK) in the range of 200–800 nm to investigate changes 
in electronic conjugation after reduction. Additionally, poros-
ity and surface characteristics, including surface area, pore 
volume, and pore diameter, were measured using a surface 
area analyzer (Quantachrome QUADRASORB SI, USA) 
based on the Brunauer–Emmett–Teller (BET) method. This 
analysis confirmed the mesoporous nature of the synthesized 
rGO. All characterizations were performed on four different 
rGO samples, while the original GO sample was used as a 
reference for comparison.
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2.6 � Electrochemical measurements

The electrochemical behavior of all rGO was investigated by 
cyclic voltammetry (CV) using a potentiostat (Ossila Poten-
tiostat, UK) in 0.005 M K3Fe(CN)6/0.1 M KCl solution. 
Scan rate study of the modified electrodes was performed 
by CV in 0.005 M K3Fe(CN)6/0.1 M KCl solution by vary-
ing the scan rate from 10 mV/s to 40 mV/s.

3 � Results and discussion

3.1 � Structural analysis

The X-ray diffraction (XRD) patterns of GO and various 
rGO samples are shown in Fig. 1. The characteristic peak 
of GO is observed at around 2θ = 11.04°, corresponding to 
the (001) plane, indicating an increased interlayer spacing 
(d-spacing) of 8.01 Å. The expansion and broadening of the 
GO peak confirm the successful oxidation process, attrib-
uted to the addition of oxygen-containing functional groups 
between the graphite layers (Qin et al. 2019; A. Muhammad 
Afdhal Saputra,, et al. 2025). A small diffraction peak at 
45.41° (100) is associated with the presence of minor graph-
ite phases and incomplete exfoliation of graphite (Verma 
et al. Nov. 2022).

After reduction, the 2θ peak of GO shifts to 2θ = 21.79°, 
24.34°, 26.00°, and 23.71° for rGO-A, rGO-K, rGO-SB, 
and rGO-G, corresponding to the (002) plane with inter-
layer spacing of 4.29 Å, 3.65 Å, 3.42 Å, and 3.75 Å, respec-
tively. This shift indicates the removal of oxygen-contain-
ing functional groups from the rGO layers (Wu et al. 2018; 
Das et al. 2021). Additionally, a 2θ peak around 42° is still 

present in the rGO samples, though with lower intensity 
compared to GO. This peak is a characteristic feature that 
indicates turbostratic disorder in carbon materials (Chadha 
et al. Dec. 2021). The lower intensity suggests the forma-
tion of few-layer graphene nanosheets, which correlates with 
a reduction in efficiency of less than 100% (Fatimah et al. 
2022; Das et al. 2021).

3.2 � Functional group analysis

The nature and presence of various functional groups in GO 
and different rGO samples were investigated using FTIR 
spectroscopy. Figure 2 shows the FTIR spectra of GO and 
the various rGO samples. The FTIR spectrum of GO exhib-
its -OH stretching and C = O stretching at 3439 cm⁻1 and 
1633 cm⁻1, respectively, indicating the presence of some 
water molecules in the GO (Aliyev et al. 2019). Peaks at 
2923 cm⁻1, 1740 cm⁻1, and 1252 cm⁻1 are attributed to the 
asymmetric stretching of aliphatic C–H, C–O stretching, and 
epoxy C–O stretching vibrations, respectively. Addition-
ally, the peak at 1026 cm⁻1 corresponds to C–O (alkoxy) 
stretching.

Following the reduction process, the C–O (alkoxy) 
stretching vibrations decreased, with peaks observed at 
1026 cm⁻1 for different rGO samples. These results sup-
port the reduction of GO to rGO. Furthermore, the peaks 
associated with -OH stretching were lower at 3439 cm⁻1 
for different rGO samples, due to the removal of hydroxyl 
groups (Fatimah et al. 2022; Arabpour et al. 2021). The 
peaks at 1578 cm⁻1 are attributed to C = C (aromatic) 
(Longo et al. 2020). Compared to GO, all corresponding 
peaks in rGO displayed lower transmittance, indicating 
the partial elimination of oxygen-containing functional 

Fig. 1   XRD pattern of GO and 
different rGO samples
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groups (Aragaw 2020). Based on the primary and sec-
ondary metabolites present in various green reducing 
agents, the removal of oxygenated functional groups 

occurs through a reduction mechanism. For instance, the 
reduction process can be facilitated by polyphenolic com-
pounds, as illustrated in Fig. 3.
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Fig. 2   FTIR spectra of GO and different rGO samples

Fig. 3   Reduction mechanism of 
GO by polyphenolic com-
pounds. Adapted from Fatimah 
et al. (2022) (Fatimah et al. 
2022)
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Referring to the study by Bhattacharya et al. (2017), the 
reduction efficiency can be measured based on the peak area 
around 1026 cm⁻1, which corresponds to the C–O stretching 
vibration (Bhattacharya et al. 2017), using the following Eq. 
(Chandra Mohan Kurmarayuni, Krishna Kumari, Srikanth, and 
Kurapati 2024):

where AGO is the area under the peak for GO, and ArGO is the 
area under the peak for rGO. The reduction efficiency calcu-
lated for the various green reducing agents is listed in Table 1. 
It can be observed that the reduction efficiency is 52.27%, 
42.28%, 52.63%, and 47.45% for rGO-A, rGO-K, rGO-SB, and 
rGO-G, respectively. This indicates that the oxygen content 
decreases as a result of the reduction reaction by secondary 
metabolites from natural extracts, which act as green reduc-
ing agents on the hydroxyl groups in GO (Khan et al. 2014). 
These reduction efficiency values are quite similar to those 

(1)Reduction efficiency% =

(

AGO − ArGO

AGO

)

× 100

obtained using Aloe vera and Annona muricata leaf extracts as 
bio-reductants (Fatimah et al. 2022; Bhattacharya et al. 2017).

3.3 � Raman spectroscopy

Figure 4 shows the Raman spectra of GO and BC/GO samples, 
demonstrating the peak shift and intensity ratio of GO to the BC/
GO composite. The GO Raman spectrum indicated that the D 
and G peaks were located at 1342 and 1595 cm−1, respectively. 
The D and G peaks correspond to C–H sp3 and C–H sp2 carbon 
bond structures, respectively. Additionally, the G peak signified 
the presence of an extended C–C bond—typical of sp2 carbon. 
The two main characteristic D band and G band in rGO were 
shifted slightly left due to the presence of oxygen-containing 
functional groups, preventing the graphene layer from stacking. 
Due to the increase in defects and sp2 carbon rebuilding, the rela-
tive intensity ratio ID/IG increases after the reduction of GO. The 
ID/IG ratios were 0.92, 0.98, 0.99, 1.03, and 1.01 for GO, rGO-A, 
rGO-K, rGO-SB, and rGO-G, respectively (King et al. 2016).

Table 1   Reduction efficiency of 
rGO synthesis using different 
green reducing agents

Sample Green reducing agents Reduction effi-
ciency (%)

Ref

GO - - This work
rGO-A Andaliman extracts 50.27 This work
rGO-K Kemuning leaf extracts 42.28 This work
rGO-SB Senduduk bulu leaf extracts 52.63 This work
rGO-G Guava leaf extracts 47.45 This work
rGO-AV Aloe vera 72.51 Bhattacharya et al. 2017)
rGO-AME Annona muricata leaf extracts 86.85 Fatimah et al. 2022)

Fig. 4   Raman spectra of GO 
and different rGO samples
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3.4 � UV–visible absorption

The UV–visible absorbance spectra of GO and various rGO 
samples are shown in Fig. 5(a). The pure GO exhibits a 
significant absorption peak at 223 nm, corresponding to the 
π → π* transitions of C = C bonds (Verma et al. Nov. 2022; 
Sujiono et al. Dec. 2023). After the green reduction process, 
the absorption peaks of GO shift to 267, 231, 267, and 277 
nm for rGO-A, rGO-K, rGO-SB, and rGO-G, respectively. 
This shift is attributed to the deoxygenation process that 
converts GO into rGO. The changes in absorption peaks 
across the different rGO samples are due to n → π* elec-
tron transitions, leading to a redshift in the UV–Vis absorp-
tion spectrum. This redshift indicates an increased electron 
concentration and the restoration of electronic conjugation 
within the graphene structure following the green reduction 
process (Verma et al. Nov. 2022; Khan et al. 2024).

The UV–Vis characterization results were subsequently 
analyzed using the Tauc plot method to determine the band-
gap energy values for GO and the various rGO samples. 
According to the Wood and Tauc method, the bandgap 
energy can be calculated in terms of absorbance and photon 
energy using the following Eq. (Farooq, et al. 2024):

where the absorption coefficient is given by α = 2.302 
log(T/d) (with d being the sample thickness and T the 

(2)(�hv)2 = A(hv − Eg)

transmission), hv is the photon energy, A is a constant, and 
Eg is the bandgap energy (Sujiono et al. Dec. 2023; Sujiono, 
et al. 2020). Using this approach, the optical bandgap of GO 
was found to be 3.98 eV, while the optical bandgaps for rGO-
A, rGO-K, rGO-SB, and rGO-G were 3.18 eV, 3.22 eV, 3.14 
eV, and 3.28 eV, respectively, as shown in Fig. 5(b). Since 
rGO has a lower energy gap, it results in a broader absorption 
range in the visible part of the electromagnetic spectrum, 
enhancing rGO’s light-harvesting capabilities (Aragaw 2020; 
Tene, et al. 2023).

3.5 � Morphological analysis

The surface morphology of GO and rGO was analyzed 
using scanning electron microscopy (SEM) to investigate 
the structural transformations during the reduction process. 
The SEM image of GO (Fig. 6a) reveals a characteristic lay-
ered and stacked structure, which is commonly observed in 
GO due to the presence of abundant oxygen-containing func-
tional groups such as hydroxyl, epoxy, and carboxyl groups. 
These groups enhance the hydrophilicity and interlayer inter-
actions of GO, leading to a compact, thick morphology with 
significant restacking of the layers (Chawla et al. 2024).

In contrast, the SEM images of rGO (Fig. 6b–e), reduced 
using various green reducing agents, exhibit pronounced 
morphological changes. These include the appearance of 
exfoliated, wrinkled, and crumpled sheets with fewer stacked 

Fig. 5   (a) UV–visible spectra of GO and different rGO samples, and (b) bandgap energy of GO and different rGO samples
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(b) (c)

(a)

(d) (e)

Fig. 6   SEM images of (a) GO, (b) rGO-A, (c) rGO-K, (d) rGO-G, and (e) rGO-SB
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layers and increased surface roughness. Such structural 
transformations indicate the partial or complete removal of 
oxygen-containing groups (Kholib and Liu 2023; Gnana-
sekaran and Snekhalatha Nov. 2024), as also corroborated 
by FTIR analysis. The wrinkled and aggregated morphology 
of rGO reflects the reformation of the conjugated sp2-carbon 
framework and the collapse of the GO sheets into thinner, 
more flexible graphene-like layers due to the loss of hydro-
philic groups (Khan et al. 2024; Hidayah, et al. 2017; Cha-
moli et al. 2020). The reduction mechanism (as illustrated 
in Fig. 3) typically involves electron transfer from the green 
reducing agents to GO, leading to the cleavage of C–O bonds 
and restoration of C = C bonds within the carbon frame-
work (Aunkor et al. 2016). Unlike chemical reductants like 
hydrazine, green reducing agents offer a milder and environ-
mentally friendly alternative, often incorporating antioxidant 
molecules that can simultaneously reduce and stabilize the 
resulting graphene sheets (Nawaz et al. 2023; Feng et al. 
2013).

The observed morphological features of exfoliation, 
transparency, and structural flexibility are crucial indicators 
of successful reduction. These characteristics contribute to 
enhanced electrical conductivity, mechanical strength, and 
surface area, which are highly desirable in various advanced 
applications such as flexible electronics and electrochemi-
cal sensor technologies. Therefore, the observed differences 
between GO and rGO underscore not only the effectiveness 
of the reduction process but also the capability of green 
reducing agents in tailoring the microstructure of rGO to 
meet specific functional requirements.

3.6 � N2 adsorption–desorption analysis

N₂ physisorption analysis was conducted to evaluate the spe-
cific surface area using the BET method (SBET), pore diam-
eter (Dp), and pore volume (Vp) of GO and rGO. The GO 
sample exhibited high adsorption capacity at low relative 
pressure (P/P0), with nearly overlapping isotherms (Fig. 7a), 
demonstrating a specific surface area value of 997.617 m2/g. 
This result aligns with theoretical expectations, as the spe-
cific surface area of GO typically ranges from 500 to 1200 
m2/g (Mengting et al. Dec. 2019; Dervin et al. Jun. 2017). 
The sample displayed an average pore diameter of 3.224 
nm (as shown in Fig. 7c) and a pore volume of 1.609 cc/g. 
According to the IUPAC classification, this isotherm cor-
responds to type IV with an H3 hysteresis loop (Natarajan 
et al. 2018). These characteristics indicate the successful 
synthesis of GO with desirable porosity properties, which 
are crucial for various applications requiring high-surface-
area materials.

In contrast, N₂ physisorption isotherms of all rGO sam-
ples demonstrated lower adsorption capacity and minimal 
variation compared to GO. These isotherms were classified 

as type II isotherms and possess hysteretic loops of type 
H3 (Fig. 7b). The type II isotherm suggests the absence 
of micropores or small mesopores in the rGO samples 
(Shen et al. 2018). The BET surface areas for all rGO 
isotherms were relatively small: rGO A (59.067 m2/g), 
rGO-K (46.675 m2/g), rGO-G (22.344 m2/g), and rGO-
SB (33.487 m2/g). These results clearly demonstrate that 
the specific surface area of rGO is smaller than that of GO 
due to the removal of oxygen-containing functional groups 
during reduction, which diminishes the overall surface 
area and alters the material structure (Zhang et al. 2020).

The average pore diameters were measured at 2.706 
nm for rGO-A, 3.490 nm for rGO-K, 4.202 nm for rGO-
G, and 3.540 nm for rGO-SB. The pore volumes were 
determined to be 7.992 cc/g for rGO-A, 8.146 cc/g for 
rGO-K, 4.695 cc/g for rGO-G, and 5.928 cc/g for rGO-
SB, indicating the presence of larger pores relative to 
GO (Table 2). The pore diameter distribution was nearly 
indistinguishable among all rGO samples (Fig. 7d). All 
synthesized rGO samples exhibited mesoporous char-
acteristics with pore diameters ranging from 2 to 50 nm 
(Natarajan et al. 2018), with an average pore diameter 
of approximately ± 3 nm. The mesoporous structure 
of rGO plays a crucial role in enhancing the electro-
chemical performance of the material, particularly in 
electron transfer processes (Zeng et al. 2017). The pres-
ence of medium-sized pores (2–50 nm) in rGO signifi-
cantly increases the specific surface area, which in turn 
increases the number of electrochemically active sites 
available for redox reactions (Kong et al. Aug. 2013; 
Mao et al. 2016). This supports a higher efficiency of 
electron transfer between the electrode surface and the 
electroactive species in the solution.

Through experimental data analysis, it was found that 
when P/P0 was in the range of 0.05–0.35, the linear fitting 
(as reported in Fig. 8) yielded highly satisfactory results. 
The correlation coefficient (R2) values demonstrated excep-
tional fitting accuracy, with GO achieving R2 = 0.999192, 
while the rGO samples exhibited values of R2 = 0.999592 
for rGO-A, R2 = 0.998642 for rGO-K, R2 = 0.999782 for 
rGO-G, and R2 = 0.999709 for rGO-SB. These remarkably 
high correlation coefficients indicate excellent agreement 
between the experimental data and the BET model, thereby 
ensuring accurate determination of the specific surface area 
(Cao et al. 2021). The BET constant (C), which is related 
to the adsorption energy, was calculated from the slope (s) 
and intercept (i) of the linear plots. Higher BET constants 
typically indicate stronger adsorbate–adsorbent interactions 
(Kostoglou, et al. 2024), as observed in the cases of rGO-G 
and rGO-A. This finding suggests that these two rGO 
variants exhibit enhanced surface interaction capabilities, 
potentially due to their unique surface chemistry and struc-
tural characteristics resulting from the reduction process.
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3.7 � Electrochemical study

The electrochemical behavior of all rGO samples was 
evaluated using cyclic voltammetry (CV) in a 0.005 M 
K₃[Fe(CN)₆] solution containing 0.1 M KCl, with meas-
urements conducted at a scan rate of 40 mV/s within 
a potential range of − 0.4 V to 0.8 V. The electrocata-
lytic reaction on the electrode surface can be outlined as 
follows:

(3)[Fe(CN)
6
]−4 → [Fe(CN)

6
]−3 + e (oxidation)

(4)[Fe(CN)
6
]−3 + e →

[

Fe(CN)6
]−4

(reduction)
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Fig. 7   The N2 adsorption–desorption isotherm plots of (a) GO and (b) different rGO samples. The pore size distribution results calculated from 
the Barrett–Joyner–Halenda (BJH) desorption pore volume data for (c) GO and (d) different rGO samples

Table 2   Textural properties of GO and different rGO samples. The 
textural properties were calculated based on N2 physisorption results

a Specific surface area calculated by the BET method
b Average pore diameter following the Gurvich rule
c Total pore volume calculated at P/P0 = 0.95

Sample Green reducing 
agents

SBET (m2/g)a Dp (nm)b Vp (cc/g)c

GO - 997.617 3.224 1.609
rGO-A Andaliman extracts 59.067 2.706 7.992
rGO-K Kemuning leaf 

extracts
46.675 3.490 8.146

rGO-SB Senduduk bulu leaf 
extracts

22.344 4.202 4.695

rGO-G Guava leaf extracts 33.487 3.540 5.928
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Equations (Jovanovic, et  al. 2024) and (T. N 2024) 
represent the anodic/cathodic peaks obtained in the CV 
curves. As shown in Fig. 9a, the CV profiles of all rGO 
samples at a scan rate of 40 mV/s exhibit a quasi-reversible 

wave shape (Xinsheng and Guogang 1987; Guziejewski 
et al. 2022). This indicates a reversible redox process, 
where the oxidation and reduction peak potentials are 
closely spaced, and the midpoint between these peaks 
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corresponds to the redox potential of the electroactive spe-
cies (Kissinger and Heineman 1983). These results are 
consistent with the study conducted by Huan et al. (2012), 
who successfully synthesized rGO via a chemical reduc-
tion route. Their work also demonstrated a reversible redox 
process with distinct redox peaks (Huan et al. Aug. 2012), 
indicating similarities in the electrochemical character-
istics between the material synthesized in this study and 
those reported previously.

The reversible CV shape can be explained by the fol-
lowing mechanism: Initially, at lower applied potentials, the 
energy is insufficient to initiate electron transfer, resulting in 
negligible or no detectable current (Oldham 2013). As the 
applied potential increases in the positive direction, the cur-
rent gradually rises, indicating the onset of electron transfer 
at the electrode surface. The current subsequently reaches 
a maximum value as the reaction rate approaches its peak 
due to the availability of redox-active species at the electrode 

interface (Kosala. Wijeratne 2018). This behavior can be fur-
ther understood through the intrinsic structure of rGO. Gra-
phene, a two-dimensional sp2-hybridized carbon nanosheet, 
possesses abundant localized π electrons. When used as an 
electrode modifier for sensing applications, graphene can 
interact with aromatic analyte species via π–π conjugation, 
leading to their adsorption on the graphene surface. Accord-
ing to this adsorption mechanism, the extent of restoration 
of the sp2-hybridized graphitic network in rGO—governed 
by the energy applied during the reduction process—directly 
influences the strength of π–π interactions. Therefore, the 
superior electron transfer behavior and redox performance 
observed in rGO samples can be attributed not only to their 
high conductivity and large surface area, but also to their 
enhanced π-electron system that facilitates both redox activ-
ity (Li et al. 2015).

In addition, the values of ΔEp and Ipa/Ipc were also 
evaluated in this study (Fig. 9b), where theoretically, the 
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optimal ΔEp is approximately 0.24, and the optimum 
Ipa/Ipc is approximately 1. The Ipa/Ipc values for all rGO 
samples were found to range from 1.722 to 1.997, while 
the ΔEp values were within the range of 0.24–0.29. These 
findings indicate that the redox reaction in this system is 
not entirely reversible and likely falls into the category of 
quasi-reversible (Pajkossy and Vesztergom 2019), which 
is consistent with the CV profile shown in Fig. 9a. This 
behavior is likely attributable to several determining fac-
tors, such as significant electron/mass transfer capabili-
ties, a large number of surface-active reaction sites due 
to the presence of S vacancies, extremely low resistance, 
and excellent conductivity, as confirmed by BET analysis 
(large surface area) (Satra et al. 2023). With these advan-
tages, the rGO in this study demonstrates significant 
potential for further development as an electrode material 
in electrochemical sensor systems.

The optimal sample, rGO-SB, was selected for deter-
mining the electrochemically active surface area (ECSA), 
and CV measurements were performed at varying scan 
rates ranging from 10 to 40 mV/s under similar reaction 
conditions (Fig. 9c). The peak current was observed to 
increase progressively with higher scan rates. The asymp-
totic line observed in the plot of peak current density ver-
sus the square root of the scan rate adhered well to the 
Randles–Sevcik Eq. 51 (Eq. (Yip and Tong 2023)), which 
was used to calculate the ECSA values of the samples 
(Table 3). These results clearly highlight that the high-
est ECSA and the surface architecture of rGO-K had a 
significant impact on its exceptional electrocatalytic 
performance.

where Ip represents the peak current density, n is the number 
of transferred electrons, A denotes the ECSA of the working 
electrode, D is the diffusion coefficient of the electrolyte, C 
is the concentration of the [Fe(CN)6]3−/4−ions, and g repre-
sents the operating scan rate. Figure 9d shows the anodic 
and cathodic peak currents (Ipa and Ipc) plotted against the 

(5)Ip = 2.69 × 10
5 n3∕2AD1∕2Cg1∕2

square root of the scan rate. Linear behavior is observed, 
with R2 values of 0.99166 for Ipa and 0.99987 for Ipc. This 
linearity suggests excellent charge carrier mobility based on 
a diffusion-controlled process (Ching et al. 2021). Thus, this 
work advances the sustainable production of graphene-based 
materials for next-generation electrochemical sensors.

4 � Conclusions

This study presents a novel and eco-conscious approach to 
synthesizing high-quality reduced graphene oxide (rGO) 
using natural reducing agents extracted from andaliman, 
kemuning leaves, guava leaves, and senduduk bulu—plants 
native to Indonesia and largely unexplored in nanomaterial 
research. The successful reduction of graphene oxide was 
confirmed by a suite of advanced characterization tech-
niques. XRD and FTIR analyses evidenced effective struc-
tural transformation and a substantial removal of oxygen-
containing groups, with reduction efficiency reaching as 
high as 52.63%. UV–Vis spectroscopy further confirmed 
enhanced π–π* transitions, while SEM revealed the forma-
tion of characteristic wrinkled, exfoliated rGO sheets. BET 
analysis validated the mesoporous nature of the materials, 
with pore diameters ideal for electrochemical applications. 
Most notably, electrochemical studies demonstrated supe-
rior electron transfer kinetics, supported by excellent line-
arity in peak current responses (R2 > 0.99), suggesting effi-
cient charge transport properties. The integration of green 
chemistry principles with nanomaterial synthesis highlights 
the originality and environmental relevance of this work. 
By utilizing naturally sourced plant extracts as sustainable 
reducing agents, this method offers a scalable and nontoxic 
alternative to conventional reduction techniques—paving 
the way for greener production of graphene-based materials 
in electrochemical sensor technologies.
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