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Abstract: Graphene is a remarkable material with numerous applications. Due to its thin and light-

weight design, it is ideal for a variety of applications. The synthesis of high-quality graphene in a 

cost-effective and environmentally friendly manner continues to be a significant challenge.  Chem-

ical reduction is considered to be the most advantageous method for preparing reduced graphene 

oxide (rGO). However, this process necessitates the use of toxic and harmful substances, which can 

have a detrimental effect on the environment and human health.  Thus, to accomplish the objective, 

the green synthesis principle has prompted researchers worldwide to develop a simple method for 

green reduction of graphene oxide (GO), which is readily accessible, sustainable, economical, re-

newable, and environmentally friendly in nature. For example, the use of natural materials such as 

plants is generally considered safe. Furthermore, plants contain reducing and capping agents. The 

current review will focus on the discovery and application of rGO synthesis using extracts from a 

variety of different parts of the plant. The review aims to aid current and future researchers in their 

search for a novel plant extract that acts as a reductant in the green synthesis of rGO. The review 

aims to assist current and future researchers in their research for a novel plant extract that acts as a 

reductant in the green synthesis of rGO as well as their potential applications in a variety of indus-

tries. 
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1. Introduction 

Since its discovery in 2004, graphene, a two-dimensional (2D) carbon atom bonded 

via sp2 hybridization, has garnered widespread recognition for its superior electrical, ther-

mal, mechanical, and optical properties [1,2]. Thus, due to graphene’s unique properties, 

it has been used in a variety of applications, including biosensors [3], drug delivery [4], 

solar cells [5], touch panels [6], anti-bacterial activities [7], photocatalytic degradation of 

pollutants [8]. Graphene has been synthesis using a variety of techniques over the last few 

years, including ultrasonic exfoliation, chemical vapor deposition, micro-mechanical ex-

foliation, epitaxial growth, and chemical reduction of GO via bottom-up and top-down 

approaches [9].  

 Among the methods used traditionally to prepare GO consists of the Brodie method, 

Staudenmaier method, and Hummer’s method, as well as its variations, namely modified 

Hummer’s method, or Improved Hummer’s method, are all traditional methods for chem-

ically preparing GO [10]. The most frequently used chemical methods for preparing GO 

and their characteristics are listed in Table 1. The Brodie method, invented in 1859, was 

the first to synthesize graphite oxide by adding potassium chlorate (KClO3) to a mixture 
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of graphite and fuming nitric acid (HNO3). Later, the Staudenmaier method was refined 

based on the Brodie method, with the addition of an intercalant composed of sulphuric 

acid (H2SO4) and HNO3. This method resulted in the efficient production of graphite ox-

ide. Both methods, however, require a lengthy oxidation step that can last up to four days. 

In 1958, the Hummer method was widely adopted. It utilizes H2SO4 as an intercalant and 

NaNO3/KMnO4 as an oxidant. Although this method involves a faster oxidation step 

within two hours, it has been criticized for releasing toxic gases into the environment, 

such as NO2 and N2O4. Recently, an Improved Hummer’s method was developed by omit-

ting NaNO3 and substituting a 1:9 mixture of H2SO4 and H3PO4 for the sodium nitrate. 

This method results in a more oxidized graphite oxide with a more regular carbon struc-

ture and larger sheet size, while also avoiding the production of harmful gases [11].  

Table 1. GO preparations made via chemical approach. 

Methods Oxidants Reaction 

time (h) 

Temperature 

(°C) 

Advantages Drawbacks Ref. 

Brodie 

method 

 

KClO3 

HNO3 

72-96 60 • By oxidation, lay the 

groundwork for graph-

ite delamination into 

GO sheets 

• Longer time 

• Possess a threat of 

explosion  

• Tedious prepara-

tion 

[12] 

Staudenmaier 

method 

HNO3 

H2SO4 

KClO3 

96 90 • Enhance the yield 

 

• Longer time 

• Use of high tem-

perature 

• Possess a threat of 

explosion 

[13] 

Hummer’s 

method 

NaNO3 

H2SO4 

KMnO4 

~2 35,98 • Quicker 

• No danger of explo-

sion 

• High effectiveness 

• High rate of return 

• Produce toxic 

gases 

• Residual nitrates 

production  

[14] 

Improved 

Hummer’s 

method 

KMnO4 

H3PO4 

H2SO4 

 

12 50 • Temperature control 

is possible  

• Make carbon sub-

stances that is hydro-

philic  

• Faults are reduced 

• Free from emission of 

harmful gases 

• High rate of return 

• Takes longer time 

• Required twice as 

much KMnO4 and 

5.2 times as much 

H2SO4 as those ap-

plied by Hum-

mer’s method 

 

[15] 

 

Apart from its ease of synthesis, these oxygenated groups in GO confer a number of 

advantages over graphene, including increased solubility and the ability to customize the 

surface functionalization for specific applications, resulting in a plethora of applications 

in nanocomposite materials [16]. Regardless of the advantages, the oxygen-containing 

functional groups must be removed in order to restore graphene’s fundamental proper-

ties, most notably its electrical conductivity [17]. The rGO are frequently referred to as a 

type of chemically synthesis graphene [18]. Numerous methods have been proposed for 

the preparation of rGO, including chemical, photo-mediated, thermal, and biological re-

duction [17]. Chemical reduction of exfoliated GO is the most frequently used method for 

producing rGO because it is cost-effective and can be produced in large quantities [19]. 

Chemical reduction of exfoliated GO is the most frequently used method for producing 

rGO due to its low cost and high yield. In general, this procedure consists of two steps. 
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The method of oxidizing graphite powder to form graphite oxide and then adding reduc-

ing agents to form rGO is well-established [20].  

Numerous strong chemicals reducing agents, including hydrazine [21], hydroqui-

none [22], dimethyl hydrazine, sodium borohydride (NaBH4) [23], iron, tin powder [24] 

and zinc powder [25], have been used to synthesize rGO. However, the disadvantages of 

these chemical reduction agents include their high toxicity, the presence of trace amounts 

of potentially harmful agents, particularly in bio-related applications such as catalysis and 

drug delivery [26], and their impact on the environment. Additionally, on an industrial 

scale, the cost of treating the toxic waste generated by the reduction reaction may signifi-

cantly increase. As a result, numerous studies have predicted the use of green reductants 

in the development of a novel environmentally friendly method for successfully convert-

ing GO to rGO under moderate conditions, in order to advance green technology. A green 

route is a simple, low-cost, non-toxic, and environmentally friendly procedure that makes 

use of materials and techniques that minimize the use and manufacture of hazardous 

compounds while avoiding the use of high temperatures and harsh reducing agents. Nu-

merous phytochemicals derived from various parts of plants, such as the peel, root, seeds, 

leaves, and fruits, have been discovered to contain biomolecules. These biomolecules, 

which include proteins, polysaccharides, vitamins, pectin’s, amino acids, alkaloids, poly-

phenols, and flavonoids, may act as capping and reducing agents during the green reduc-

tion and formation of functional rGO from GO [27,28]. Phenolics and flavonoids are the 

most abundant secondary metabolites and bioactive molecules found in plants, and they 

are excellent antioxidants [29].  

As a result, this study compiles prior and current green rGO synthesis methods that 

outperform traditional methods and serve as a foundation for future sustainable material 

science research. Green synthesis is both cost effective and environmentally friendly, pos-

ing little or no pollution to the environment. The application of generated rGO have been 

summarized to provide a quick overview. Numerous plant extracts by parts have been 

reported to aid in the reduction of GO, as listed in Table 2. 

Table 2. Summary of plant extract utilized in reduction of GO according to the category of their 

parts. 

No Scientific name Reduction method Reduction 

temperature 

(°C)  

Reduction 

time  

Ref. 

Leaf extract 

1 Colocasia esculenta  • stir  

• reflux 

RT 

100 

8 h 

5 h 

[30] 

 

2 Mesua ferrea Linn. • stir  

• reflux 

RT 

100 

10 h 

8 h 

3 Spinacia oleracea • stir 30 24 h [31] 

4 Ginkgo biloba  • stir 37 24 h [32] 

5 Eichhornia crassipes • reflux 100 10 h [33] 

6 Pulicaria glutinosa • reflux 98 24 h [34] 

7 Prunus serrulate 

Magnolia Kobus 

Platanus orientalis 

Diopyros kaki 

Pinus desiflora 

Acer palmatum 

Ginkgo biloba 

• reflux 95 12 h [35] 

8 Azadirachta indica  • stir RT 48 h [36]  

• reflux 100 24 h 

9 Euphorbia wallichii • reflux 100 6 h [37] 
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10 Nicotiana tabacum L.  • stir 

• reflux 

RT 

100 

24 h 

24 h 

[38] 

11 Spinacia oleracea  • reflux 100 30 min [39]  

12 Ficus religiosa 

Mangifera indica 

Polyalthia longifolia 

• reflux 50 24 h [40]  

13 Artemisia vulgaris • reflux 90 6 h, 12 h [41]  

14 Paederia foetide L. • stir 50 12 h [9]  

15 Mangifera indica L.  • stir 

• reflux 

60 

60-70 

12 h 

8 h 

[42]  

16 Platanus orientalis • reflux  100 10 h [43] 

17 Olea europaea  • water bath 100 10 h [44] 

18 Melissa officinalis L.  • stir RT 12 h [45] 

19 Annona squamosa  • reflux 100 12 h [46]  

20 Eucalyptus  • water bath 80 8 h [47]  

21 Lantana camara  • reflux 50 6 h [27] 

22 Camellia sinensis  • reflux 90 1 h [48] 

23 Citrullus colocynthis • reflux 100 14 h [49] 

24 Aloe vera  • reflux 95 24 h [50] 

25 Aloe vera (L.) Burm.f. • reflux 80 5 h [51] 

26 Ocimum sanctum • reflux 100 10 h [28] 

27 Anacardium occidentale Linn  • stir 68 3 h [52]  

28 Eucalyptus • reflux 80 8 h [53] 

29 Ocimum sanctum L.  • stir 70 4 h [54] 

30 Stigmaphyllon ovatum • stir 60-70 24 h [55]  

31 Euphorbia cheiradenia Boiss • reflux 80 7 h [56]  

32 Mentha arvensis  • reflux 80-95 3 h [57]  

33 Tribulus terrestris 

Mentha piperita  

• autoclave 180 12 h [58] 

34 Camellia sinensis  • water bath 80 8 h [59]  

35 Urtica dioica L.  • stir 90 1 h [60] 

36 Euphorbia milli • stir RT 48 h [61]  

37 Thymbra spicata  • reflux 100 12 h [62]  

38 Euphorbia heterophylla (L.) • reflux 95 12 h [63]  

39 Memecylon edule • water bath 60 12 h [64]  

40 Elaeis guineensis  • reflux 100 3 h [65]  

41 Zataria multiflora • reflux 98 24 h [66]  

42 Memecylon edule • water bath 60 12 h [64] 

43 Azadirachta indica  • stir 30 24 h [67] 

44 Telfairia occidentalis  

45 Murraya koenigii • autoclave 100 12 h [68]  

46 Cinnamomum camphora cine-

oliferum 

• stir RT 24 h [69] 

47 Phyllarthrom madagascariese 

K. Schum 

48 Acalypha indica • autoclave 100 12 h [70] 

49 Erythrina senegalensis • reflux 95 24 h [71] 

50 Callistemon viminalis • stir 60 2 h [72]  

Fruit extract 

1 Cocos nucifera L. • oil bath 80, 100 12 h, 24 h, 

36 h 

[73] 
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2 Punica granatum  • stir RT 12 h,18 h, 

24 h 

[74]  

3 Vitis vinifera  • reflux 95 1 h, 3 h, 6 h [75] 

4 Terminalia bellirica • water bath 90 24 h [76] 

5 Citrus limon  • water bath 95 24 h [77] 

6 Lycium barbarum  • water bath 95 24 h [78] 

7 Ficus carica  • stir 95 12 h [79]  

8 Zante currants   • water bath 95 48 h [80]  

9 Phyllanthus emblica  • reflux 95 3 h [81]  

10 Fragaria ananassa  • reflux 95 12 h [82] 

11 Phyllanthus emblica • autoclave 100 12 h [83]  

12 Citrus grandis • reflux 95 12 h [84] 

13 Tamarindus indica 

14 Terminalia bellirica • sonication  40 2 h [85]  

15 Helicteres isora 

16 Quercus infectoria 

Flower extract 

1 Rosa damascena • autoclave 95 5 h [86] 

2 Hibiscus sabdariffa L. • stir 100 1 h [87] 

3 Syzygium aromaticum  • reflux 100 30 min [88]  

4 Chrysanthemum morifolium  • water bath 95 24 h [89] 

5 Tagetes erecta  • stir 95 3 h [90] 

Peel extract 

1 Citrus sinensis  • stir  RT 10 h [30] 

• reflux 100 8 h 

2 Citrus limeta  • reflux 50 6 h [27] 

3 Sugarcane bagasse • stir 95 12 h [91]  

4 Citrus hystrix  • stir RT 8 h [92]  

Bark/Stem extract 

1 Cinnamomum zeylanicum  • reflux 100 45 min [93]  

2 Cinnamomum verum  • reflux 100 12 h [94] 

3 Saccharum officinarum  • stir 

• autoclave 

50 

150 

3 h 

12 h 

[95]  

4 Cedrelopsis grevei Baill • stir RT 24 h [69] 

5 Alstonia scholaris • stir 90 1 h,3 h [96] 

Seed extract 

1 Phaseolus aureus L.  stir 30 24 h [97] 

2 Terminalia chebula reflux 90 24 h [98] 

3 Glycine max (L.) Merr.  stir 75,85,95 1 h [99] 

4 Vitis vinifera  stir RT 10 h [100] 

5 Punica grantum stir 98 8 h [101] 

Root extract 

1 Daucus carota  • stir RT 48 h [102] 

• reflux 100 24 h 

2 Asian red ginseng • stirring in the 

presence of Fe 

foil as a cata-

lyst 

80 10 min [103]  

3 Daucus carota subsp. sativus  • stir 90 1 h [104] 

4 Salvadora persica L. (miswak) • reflux 98 24 h [105] 
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5 Solanum tuberosum L. (po-

tato) 

• Stir 

• reflux 

60 

70-80 

12 h 

8 h 

[42] 

6 Allium ascalonicum (shallot) • stir RT 72 h [106]  

7 Allium cepa (onion) • stir RT 6 h [107] 

8 Catharanthus roseus  • precipitation RT 24 h [69] 

9 Raphanus sativus • autoclave 100 12 h [70] 

10 Zingiber officinale Roscoe • reflux 90 4 h, 6 h, 8 

h, 10 h,12 h 

[108]  

11 Acorus calamus  • sonication 40 2 h [85] 

Pollen grain extract 

1 Peltophorum pterocarpum • stir 

• heat-treated in 

an Ar gas 

RT 

450 

24 h 

90 min 

[109] 

• reflux 

• heat-treated in 

an Ar gas 

120 

550 

30 h  

2 h  

 

2. Preparation of Aqueous Extracts of Plants 

The interest portion of a plant was collected from local areas. The components were 

thoroughly cleaned to remove dust particles. Then it was either used fresh or dried under 

an air atmosphere, in the sun, or in an oven to remove the moisture. Following that, the 

dried components were ground into a fine powder using a mortar and pestle or a house-

hold blender. In order to prepare the extract, the powder or freshly chopped pieces were 

dispersed in distilled water and the solution was gradually heated using a magnetic stir-

rer, reflux, or Soxhlet apparatus. After allowing the mixture to cool to room temperature, 

it was filtered using filter paper to remove the bulk waste. The supernatant was collected 

and centrifuges in order to remove any detritus from the solution. The resulting filtrate 

was refrigerated and used to further reduce GO, as shown in Figure 1. 

 

 
 

Figure 1. Preparation of plant aqueous extracts for the green synthesis of rGO using plant extracts 

3. The synthesis of rGO 

As illustrated in Figure 2, this synthesis procedure consists of two steps. To begin, 

GO was prepared from graphite powder as a precursor. Second, deoxygenating agents 
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are used to reduce the oxygen functional groups on the GO sheets. While water and other 

organic solvents such as ethylene glycol, N, N-dimethyl formamide, and N-methyl pyr-

rolidine have been used to disperse GO, water is the most frequently used [110]. Soni-

cation or magnetic stirring were used to exfoliate the GO and create a homogeneous dis-

persion [21,111]. The yellow-brown solution that resulted was used for reduction with 

plant extracts. The mixture will then be subjected to reflux, autoclave, or stirring at a con-

trolled temperature of 24 °C to 180 °C for a duration of between 30 min to 72 h based on 

previous studies. Adjusting the pH of the reaction solution with diluted sodium hydrox-

ide (NaOH), hydrochloric acid (HCl), or ammonium hydroxide (NH4OH) is also critical, 

as the reduction can occur in both acidic and alkaline environments [112]. Thus, according 

to a review of green reduction using plant extracts, the pH of the solution is primarily 

regulated using NH4OH [43,44,98,49,60,64,75,76,79,80,94]. Bosch and colleagues demon-

strated the effect of various pH values on the final production of GO sheets. The results 

indicated that the reduction process carried out in an alkaline environment promotes the 

formation of minimal defects in the resulting rGO [113]. A change in the color of the solu-

tion from brownish to black indicates that the GO has been successfully deoxygenated. 

The solution is then filtered or centrifuged to obtain the black solid. The black solid is 

washed several times with water or alcohol to remove any impurities or plant residues. 

Finally, the collected black solid is allowed to dry at room temperature, in an oven, or in 

a vacuum freeze dryer. The resulting compound was designated as rGO.  

 

 

Figure 2. Schematic diagram of various steps involved in the synthesis of rGO. 

 

4. Applications 

The synthesis of rGO from natural and renewable resources is a vibrant and exciting 

area of research. As previously stated, eco-friendly routes were developed by fusing green 

chemistry principles with nanotechnology to create biocompatible and bioactive 

nanodevices for a variety of applications, including photocatalysts, biomedical, sensors, 

supercapacitors, and etc.  

 

4.1. Biomedical applications 

There are several reports in the literature describing biomedical applications of green 

synthesis rGO. Gurunathan and co-workers have shown a successful reduction of GO us-

ing spinach leaf extract (S-rGO) that has significant biocompatibility with primary mouse 

embryonic fibroblast (PMEF) cells in various assays including cell viability, lactate dehy-

drogenase (LDH) leakage and alkaline phosphate (ALP) activity [31]. Similarly, they 
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synthesis graphene using Ginkgo biloba extract (Gb-rGO) and evaluated its biocompatibil-

ity in human breast cancer cells (MDA-MB-231) using a series of assays including cell vi-

ability, apoptosis and ALP activity [32]. On the LDH leakage activity, the biocompatibility 

of S-rGO treated PMEF cells shows no obvious differences even at higher concentrations. 

The cytocompatibility of Gb-rGO treated MDA-MB-231 cancer cells were determined us-

ing the TUNEL assay. Round and homogeneous nuclei cells were observed, with no 

TUNEL-positive cells. ALP is a membrane-bound enzyme involved in the mineralization 

of skeletal tissues; its activity has been used as a quantitative marker of osteoblastic dif-

ferentiation [114]. It was demonstrated that S-rGO treated PMEF cells and Gb-rGO treated 

MDA-MB-231 cancer cells enhanced ALP activity. S-rGO treated PMEF cells and Gb-rGO 

treated MDA-MB-231 cancer cells had no significant inhibitory effect on cell viability, even 

at the highest concentration (100 µg/mL). 

The in vitro cytotoxicity of biosynthesis rGO using Platanus orientalis leaf extract 

against Catla catla cardiac cell lines (SICH) at various concentration (3 µg/mL – 72 µg/mL) 

[43], rGO using Erythrina senegalensis leaf extract against SICH cell lines at various con-

centrations (10 µg/mL – 100 µg/mL) [71] and synthesis of rGO using leaf extract of Citrul-

lus colocynthis against human prostate cancer (DU 145) cell lines at various concentration 

(4 mg/mL to 80 mg/mL) exhibited a dose-dependent toxicity [49]. Shuba and colleagues 

demonstrated the synthesis of rGO using an Ocimum sanctum hydroalcoholic extract 

(ORGO). ORGO had a lower heamolytic activity (4.3 %) on suspended red blood cells 

from fresh chicken blood than GO at the highest concentration tested (10 µg/mL). ORGO 

treatment of mouse embryonic fibroblast cells (Balb 3T3 cells) at various concentrations 

inhibited cell growth by 29 % [28]. The cytotoxicity of rGO loaded with paclitaxel synthe-

sis from Euphorbia milli leaves against human lung cancer cell lines (A549) decreased with 

increasing concentration (0 to 500 µg/mL). The free rGO exhibited negligible cytotoxicity 

toward A549 cell lines [61]. The in vitro cytotoxicity of rGO nanosheets derived from Eu-

phorbia heterophylla (L.) leaf extracts against cancerous cell lines such as Human Hepato-

carcinoma (HepG2) and A549 cell lines decreases with increasing concentration (0 to 400 

µg/mL). The mechanism of action of rGO against cancer cell lines is unknown. They may 

interact with the plasma membrane or extracellular matrix and enter the cell primarily via 

diffusion, endocytosis, and/or binding to receptors [63].  

Wang et al. [64] demonstrated the synthesis of rGO from Memecylon edule leaf 

extracts, which has the potential to be used as a photothermal therapeutic agent for cancer 

cell apoptosis. Even at the highest concentration (1 mg/mL), the biocompatibility of rGO 

synthesis was independent of the concentration and resulted in cell viability of > 98 % in 

the Madin-Darby Canine Kidney (MDCK) and A549 cell lines examined. However, when 

cells were exposed to near infrared light, rGO treated A549 cells demonstrated a rapid 

decline (from 65 % to 35 %), whereas rGO treated MDCK cells demonstrated a slow de-

cline in viability (from 90 % to 65 %). Thus, upon NIR irradiation, the PTT agents emitted 

the greatest amount of photothermal heat within the tumor atmosphere, resulting in the 

greatest photothermal cytotoxicity to the A549 cells. In comparison, PTT agents exhibited 

the least photothermal cytotoxicity on typical MDCK cells due to the absence of a respon-

sive atmosphere.  

Punniyakotti et al. [70] investigated the deoxygenation of GO using two distinct 

types of green extracts, Acalypha indica (AIrGO) and Raphanus sativus (RSrGO), and their 

anticancer activity against human breast (MCF-7) and A549 cancer cell lines. Cell inhibi-

tion was 61.34 % (IC50 38.46 µg/mL) for AIrGO treated A549 cell and 65.84 % (IC50 26.69 

µg/mL) for RSrGO treated A549 cells at the maximum concentration (100 µg/mL). At a 

concentration of 100 µg/mL, AIrGO inhibited MCF-7 cells by 68.55 % (IC50 35.97 µg/mL) 

and RSrGO inhibited MCF-7 cells by 71.15 % (IC50 33.22 µg/mL). Acorus calamus (AC-

CARGO), Terminalia bellirica (TBRGO), Helicteres isora (HIRGO) and Quercus infectoria 

(QIRGO) rGO-mediated herbal plant extracts exhibit significant concentration-dependent 

cytotoxicity against MCF-7 cell lines [85]. ACARGO inhibits cell growth by 20.2% (IC50 81 

µg/mL), TBRGO by 26% (IC50 120 µg/mL), HIRGO by 30% (IC50 92 µg/mL), and QIRGO 

by 31.1% (IC50 87 µg/mL).  
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The anti-tuberculosis activity of rGO synthesis from Cinnamomum verum bark ex-

tracts was demonstrated against Mycobacterium tuberculosis H37Ra (M. tuberculosis H37Ra) 

[94]. The MABA assay demonstrated that rGO-treated M. tuberculosis H37Ra exhibits anti-

tuberculosis activity at 200 µg/mL. Yaragalla et al. [100] demonstrated the deoxygenation 

of GO using grape seed extract and evaluated its antimicrobial and anti-proliferation ac-

tivity. Antibacterial activity of rGO against Staphylococcus aureus (S. aureus) and Escherichia 

coli (E. coli) at various concentrations revealed that bacteria were completely killed at the 

higher concentrations (4 & 5 µg/mL). Heat-induced inflammatory activity as measured by 

aspirin (standard drug) and rGO on RBC suspension reveals no statistically significant 

differences, with rGO demonstrating 39.83 % activity and aspirin demonstrating 41.34 % 

activity. The in vitro anti-proliferation activity of rGO on human colon carcinoma (HCT-

116) cell lines was found to be approximately 88 % effective at the highest concentration 

(500 µg/mL) within 24 hours.  

In 2019, Khanam and Hasan  synthesis graphene from Allium cepa (onion) extracts 

and evaluated its antibacterial properties against two gram-negative bacteria (E. coli and 

Pseudomonas aeruginosa) as well as gram-positive bacteria (Streptococcus faecalis and S. au-

reus). The percentage loss of cell viability on the 5th day (120 h) is 90.5 % for E. coli treated 

with rGO, 93.1 % for P. aeruginosa treated with rGO, 94 % for S. faecalis treated with rGO, 

and 95 % for S. aureus treated rGO. As a result, the results indicate that antibacterial activ-

ity was more effective against gram-positive bacterial cells [107]. Akhavan and colleagues 

in 2013, demonstrated that rGO mediated by Asian red ginseng promotes human neural 

stem cells (hNSCs) attachment and proliferation due to the presence of ginsenosides (a 

potent antioxidant) on the surface of the rGO sheet. Additionally, using immunofluores-

cence imaging as an evaluation tool, ginseng-rGO films were shown to exhibit greater 

differentiation of hNSCs into neurons rather than glial cells [103]. Table 3 below listed the 

biomedical application of green rGO using various plant extracts as well as their bioactiv-

ity (cytotoxicity, anti-microbial, anti-tuberculosis, and anti-proliferative). 

Table 3. Summarized the biocompatibility of rGO synthesis using cytotoxicity, anti-microbial, 

anti-tuberculosis, and anti-proliferative properties.  

Scientific 

name 

Activity Cell lines Strain MIC Concentration Cell viabil-

ity  

(%) 

IC50 Ref. 

Spinacia 

oleracea  

Cytotoxicity • Primary 

mouse 

embry-

onic fi-

broblast 

(PMEF) 

• NA NA • 10- 100 µg/mL • 100 • NA [31] 

Citrullus 

colocynthis 

Cytotoxicity • Prostate 

cancer 

(DU 145) 

• NA NA • 4 mg/mL 

• 8 mg/mL 

• 40 mg/mL 

• 80 mg/mL 

• 86 

• 70 

• 36 

• 20 

• NA [49] 

Ocimum 

sanctum 

Cytotoxicity • Mouse 

fibro-

blast 

(Balb 

3T3) 

• NA NA • 10 µL • 29 • NA [28] 

Euphorbia 

milli 

Anticancer ef-

fect of rGO 

loaded 

paclitaxel  

• Lung 

cancer 

(A549)  

• NA NA • 200 µg/mL 

• 500 µg/mL 

• 29 

• 10 

• NA [61] 
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Euphorbia 

hetero-

phylla (L.) 

Cytotoxicity • Lung 

cancer 

(A549) 

 

• NA NA • 25 µg/mL 

• 50 µg/mL 

• 100 µg/mL 

• 200 µg/mL 

• 400 µg/mL 

• 89.76 

• 66.29 

• 64.05 

• 54.25 

• 43.85 

• 297.8

1 

µg/m

L 

[63] 

• Hepato-

carci-

noma 

(HepG2) 

• NA NA • 25 µg/mL 

• 50 µg/mL 

• 100 µg/mL 

• 200 µg/mL 

• 400 µg/mL 

• 99.79 

• 88.03 

• 81.44 

• 64.50 

• 47.66 

• 357.5

3 

µg/m

L 

Memecy-

lon edule 

Cytotoxicity • Lung 

cancer 

(A549)  

• NA 

 

 

 

NA 

 

• 1 mg/mL • >98 • NA [64] 

• Madin-

Darby 

Canine 

Kidney 

(MDCK) 

• 1 mg/mL • >98 

• A549 

with 

near-in-

frared 

light ir-

radiation 

• 0.001 mg/mL to 1 

mg/mL 

• 65 to 35 

• MDCK 

with 

near-in-

frared 

light ir-

radiation 

• 0.001 mg/mL to 1 

mg/mL 

• 90 to 65 

Acalypha 

indica 

Cytotoxicity • Breast 

cancer 

(MCF-7) 

• NA 

 

NA • 100 µg/mL • 68.55 • 35.97 

µg/m

L 

[70] 

• Lung 

cancer 

(A549) 

• 100 µg/mL • 61.34 • 38.46 

µg/mL 

Raphanus 

sativus 

Cytotoxicity • Breast 

cancer 

(MCF-7) 

• 100 µg/mL • 71.15 • 33.22 

µg/m

L 

• Lung 

cancer 

(A549) 

• 100 µg/mL 

 

• 65.84 • 26.69 

µg/m

L 

Acorus 

calamus 

Cytotoxicity • Breast 

cancer 

(MCF-7) 

• NA NA • 50 µg/mL 

• 100 µg/mL 

• 150 µg/mL 

• 200 µg/mL 

• 250 µg/mL 

• 97.2 

• 53.3 

• 35.1 

• 23.1 

• 20.2 

• 81 

µg/m

L 

[85] 

Terminalia 

bellirica 

• 50 µg/mL 

• 100 µg/mL 

• 150 µg/mL 

• 200 µg/mL 

• 250 µg/mL 

• 97 

• 76 

• 45 

• 32 

• 26 

• 120 

µg/m

L 
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Helicteres 

isora 

• 50 µg/mL 

• 100 µg/mL 

• 150 µg/mL 

• 200 µg/mL 

• 250 µg/mL 

• 98.1 

• 57.4 

• 35.3 

• 27.2 

• 30 

• 92 

µg/mL 

Quercus 

infectoria 

• 50 µg/mL 

• 100 µg/mL 

• 150 µg/mL 

• 200 µg/mL 

• 250 µg/mL 

• 96 

• 54.4 

• 36.2 

• 29.3 

• 31.1 

• 87 

µg/mL 

Cin-

namomum 

verum 

Anti-tubercu-

losis 

• NA • M. tuber-

culosis 

H37Ra 

200 

µg/mL 

• NA • NA • NA [94] 

Vitis vinif-

era 

(grape) 

Anti-micro-

bial 

• NA • E. coli 

(ATCC259

22) 

• S. aureus 

(ATCC259

23) 

4 & 5 

µg/mL 

• NA • NA • NA [100] 

Anti-prolifer-

ative 

• HCT-116 

(12 h) 

• NA NA • 100 µg 

• 200 µg 

• 300 µg 

• 400 µg 

• 500 µg 

• 87.9 

• 76.92 

• 62.5 

• 60.09 

• 47.11 

• HCT-116 

(24 h) 

• 100 µg 

• 200 µg 

• 300 µg 

• 400 µg 

• 500 µg 

• 51.6 

• 38.46 

• 25.17 

• 22.76 

• 12.58 

Allium 

cepa 

Anti-bacterial • NA • Strepto-

coccus fae-

calis 

NA • 10 

µg/mL 

• 24 h  

• 120 h 

 

• 52 

• 94 

• NA [107] 

• Staphylo-

coccus au-

reus 

• 24 h 

• 120 h 

• 54 

• 95 

• E. coli • 24 h 

• 120 h 

• 45 

• 90.5 

• Pseudomo-

nas aeru-

ginosa 

• 24 h 

• 120 h 

• 49 

• 93.1 

 

4.2. Supercapacitors 

There are several reports in the literature describing supercapacitors applications of 

green synthesis rGO. Chu and colleagues (2014) demonstrated the synthesize of rGO from 

an aqueous extract of Hibiscus sabdariffa L. (HRGO) that was used to fabricate a flexible 

graphene film electrode. The electrical conductivity of the HRGO electrodes was signifi-

cantly increased over four orders of magnitude by treating them in a household micro-

wave oven (MW-HRGO-R). The electrode’s specific capacitance increased as the scan rate 

decreased for both the HRGO-R and MW-HRGO-R cell [87]. The green reduction of GO 

and the fabrication of an open porous structure are accomplished simultaneously in a one-

pot process utilizing an aqueous seed extract of Glycine Max (L.) Merr. and the presence of 
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protein gelation, designated as BRGO and BRGO-H. BRGO-H exhibited excellent electri-

cal conductivity, a high swelling ratio, and an opening porous structure, and graphene 

coated with soybean proteins was used as a starting material for the fabrication of gra-

phene-based porous electrodes. To further improve the electrode’s electrical conductivity 

and efficiency, BRGO-H was microwave-treated to form a graphene-based nanocompo-

site. Thus, electrical conductivity was increased approximately four orders of magnitude, 

electroactive surface area was increased more than fourfold, and increased specific capac-

itance indicates a promising application for supercapacitor electrodes [99].  

Jana and coworkers (2014) demonstrated that rGO synthesis from mung beans 

(Phaseolus aureus L.) soaked water has a high specific capacitance and excellent electro-

chemical cyclic stability, making it an excellent candidate for supercapacitor electrode ma-

terials [97]. Another study by a similar group demonstrated that rGO synthesis from to-

bacco solution at a temperature of 100 °C outperforms rGO synthesis at room temperature 

as supercapacitor electrode materials [38]. Green synthesis rGO prepared from Peltopho-

rum pterocarpum pollen grains demonstrated excellent electrochemical properties with a 

maximum specific capacitance of 27.1 F g-1, which has the potential to be used to fabricate 

bilayer capacitors [109]. The electrochemical properties of Aloe vera (L.) Burm. f. extract 

containing rGO reveal a specific capacitance of 142 F g-1 (at a scan rate of 5 mV s-1), a gal-

vanostatic charge-discharge capacitance of 267 F g-1 (at a current density 1 A g-1), and a 

cyclic stability capacitance of 158 F g-1 for 1000 cycles. The electrochemical results of rGO 

demonstrate a high potential for developing electrodes for supercapacitor-based energy 

storage devices [51]. 

Raja et al. (2019) demonstrated the electrochemical performance of rGO using straw-

berry extract. They discovered that as the scan rate decreases, the specific capacitance in-

creases from 39.4 F g-1 at the scan rate 50 mV s-1 to 230.4 F g-1 at the scan rate 10 mV s-1. 

Additionally, the rGO retains 81 % of its specific capacitance after 500 cycles [89]. Deoxy-

genation of GO using Citrus grandis and Tamarindus indica reveals excellent conductivity 

(47.33 F g-1 and 65.25 F g-1 respectively) and high specific capacitance (4090 Sm-1 and 5545 

Sm-1 respectively) makes them a suitable material for supercapacitor applications [84]. The 

rGO employed aqueous ginger extract refluxed at 90 °C for 12 hours demonstrated excel-

lent electrical conductivity, the highest specific capacitance value, and charge-discharge 

cyclic stability. The rGO material has the potential to be mass produced and used as an 

electrode material for supercapacitors [108]. Table 4 showed the summary of the electro-

chemical performance the synthesis rGO. 

 

Table 4. summarized the electrochemical performances of synthesis rGO. 

Scientific name Resistance  Specific capacitance Charge-discharge cyclic 

stability 

Ref. 

Hibiscus sabdariffa L. • Before microwave 

• 0.63 M/sq sheet 

resistance 

• 133.07 F g-1 at 5 mVs-1 

 

NA [87] 

• After microwave 

• 36.50 M/sq sheet 

resistance 

• 204.38 F g-1 at 5 mVs-1 

 

Phaseolus aureus L. • 10  solution re-

sistance 

• 137 F g-1 at 1.3 A g-1 98% after 1000 cycles [97] 

Nicotiana tabacum • 4.20  solution re-

sistance 

• 206 F g-1 at 0.16 A g-1 ~ 112% after 1000 cycles [38] 

Peltophorum ptero-

carpum 

• NA • 27.1 F g-1 at 5 mVs-1 

 

NA [109] 
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Black soybean • Before microwave 

• 15 M/sq sheet re-

sistance 

• 27 F g-1 at 1 mVs-1 

 

90% after 1000 cycles [99] 

• After microwave 

1.5k/sq sheet re-

sistance  

• 180.4 F g-1 at 1 mVs-1 

 

Aloe vera (L.) Burm. f. 

mediated rGO 

• NA • 142 F g-1 at 5 mVs-1 

 

NA [51] 

Fragaria ananassa  • NA • 230.4 F g-1 at 10 mVs-1 

• 236 F g-1 at 1 A g-1 

81% at 500 cycles [82] 

Citrus grandis  • 4090 Sm-1 sheet re-

sistance 

• 65.25 F g-1 25 mVs-1 NA [84] 

Tamarindus indica  • 5545 Sm-1 sheet re-

sistance 

• 47.33 F g-1 at 25 mVs-1  

Ginger • 14.6  • 99.61 F g-1 5 mVs-1 98% after 1000 cycles [108] 

 

 

4.3. Photocatalytic degradation 

There are several reports in the literature describing degradation applications of 

green synthesis rGO. Singh and colleagues (2018) synthesis rGO sheets (rG1-sugar cane 

juice and hydrazine hydrate) and disc structure using sugarcane juice as a reducing agent 

(rG2-sugarcane juice). The photocatalytic degradation of phenanthrene (PHE) using the 

synthesis rGO was further investigated under UV irradiation. PHE is one of the most 

prevalent polycyclic aromatic hydrocarbons (PAHs) in the environment, being produced 

continuously by a variety of sources. PAHs pose a serious threat to the environment and 

human health due to their hazardous and carcinogen nature. Pure PHE degrades at a rate 

of 5 %, whereas rG1 and rG2 degrades at a rate of 25 % and 30 %, respectively. Due to the 

spherical disc-like structures, rG2 degrades PHE more efficiently than rG1. In comparison 

to the sheets structure, it contains a greater number of active catalytic sites for the interac-

tion with PHE molecules [95].  

Mahata et al. [54] demonstrated that rGO synthesis from Ocimum sanctum L. leaf 

extract is an efficient catalyst when used in combination with NaBH4 in water for the 

regioselective reduction of α, β -unsaturated carbonyl compounds to their allylic alcohols. 

When the catalyst loading is increased from 10 mg to 15 mg, the yield of the products 

increases by up to 92 %. However, increasing the catalyst concentration did not result in 

an increase in conversion rate, indicating that 15 mg is the optimum catalyst loading. An-

other study conducted by the same group demonstrated that GO could be reduced using 

Anacardium occidentale Linn (Cashew) leaf extract (CLRG) as a bio-renewable catalyst. 

CLRG’s catalytic activity was demonstrated to successfully reduce nitrobenzene to aniline 

with a yield of 94 % in 4 hours. As a result, the prepared rGO catalyzed the electro-/chem-

ical transformation of nitro to an amine group efficiently [52]. Suresh et al. demonstrated 

that rGO derived from Spinacia oleracea (leaf extract), Syzygium aromaticum (bud extract), 

and Cinnamomum zeylanicum (bark) completely degraded carcinogenic dye methylene 

blue (MB) and malachite green (MG) in the presence of 20 mg rGO [39,88,93].  

Jin and co-workers (2018) reported the adsorptive capacity of biosynthesis rGO con-

taining Eucalyptus leaf extract to that of other adsorbents, including activated carbon, 

graphite powder, and commercial graphene. The maximum adsorption capacity of vari-

ous adsorbents was determined to be rGO> commercial graphene> activated carbon> 

graphite powder. Due to the rGO’s high dispersibility, it adheres to the surface of biomol-

ecules and increases the contact surface area with the MB [53]. As a green reducing agent, 

the prepared rGO from Aloe vera demonstrated remarkable dye removal ability, with a 

maximum efficiency of 98 % achieved. The strong electrostatic interaction between the MB 

and rGO molecules, the strong π- π interaction between the MB molecules, and the 
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increased surface area of rGO all contributed to the increased adsorption efficiency. The 

recyclability of the synthesis rGO for up to five adsorption cycles without a significant 

loss of capability makes it an attractive candidate for industrial dye adsorbent material 

[115].  
The adsorption capacity (qmax) of synthesis rGO from Citrus hystrix peel extract on 

MB was determined to be 276.06 mg/g at room temperature [92]. Ghosh et al. [96] reported 

the photocatalytic activity of rGO synthesis using the bark extract of Alstonia scholaris 

(time duration 3 hour) towards MB and methyl orange (MO). It has been demonstrated 

that MB degrades at a rate of 95.29 %, whereas MO degrades at a rate of only 6 %. As a 

result, the rGO will be significantly more effective at removing cationic dye from 

wastewater than it will at removing anionic dye.  

Parthipan et al. [68,83] investigated the photocatalytic activity of rGO biosynthesis 

from Phyllanthus emblica fruit extracts (PErGO) and Murraya koenigii leaf extract (MKrGO) 

against MB, MO and mixed (MB + MO) dye solutions when exposed to sunlight and UV 

light. PErGO treated with a mixed dye solution (MB + MO) and exposed to sunlight 

demonstrated degradation efficiencies of 92 % and 91 % for MO and MB dyes, respec-

tively. Within 120 minutes of exposure to natural sunlight, the catalyst MKrGO was 

shown to degrade approximately 80 % and 77 % of MO and MB dyes, respectively. This 

observation implies that sunlight exposure is the best option for both dye molecules in the 

presence of the catalyst rGO. This catalyst’s stability is maintained with only minor 

changes over the course of five degradation cycles.  

Sugarcane bagasse extract was used to remove cadmium (Cd (II)), with an adsorption 

capacity of nearly 24.47 mg/g. This demonstrates rGO’s potential for removing heavy met-

als from wastewater [91]. Moosa and Jaafar (2017) demonstrated that rGO mediated by 

Camellia sinensis (black tea) leaf extract added to sand has a high removal efficiency for 

lead ions in aqueous solution. As the concentration of lead ions increases, the removal 

efficiency decreases due to lead ion saturation of adsorption sites [48]. Using a variety of 

experimental conditions, including pH, temperature, adsorbent dose, and adsorbate con-

centration, it was demonstrated that rGO prepared from green tea extract (Camellia sinen-

sis) successfully removed Pb (II) aqueous solution. The excellent removal efficiency of Pb 

(II) was determined to be 96.6 % under operating conditions of 10 mg/L Pb (II) and 0.4 g/L 

rGO with a pH 4.5 at 30°C. The rGO is recyclable up to four times at the cost of only a 

partial adsorption capacity (1st cycle- 97.4 %, 2nd cycle- 96.7 %, 3rd cycle- 87.8 %, and 4th 

cycle- 80.0 %) [59]. 

It was demonstrated that the biologically synthesis rGO from Callistemon viminalis 

leaf extract has the potential to be used as a membrane filter for the removal of heavy 

metal ions from drinking water. The highest iron rejection rate of 95.77 % was obtained 

when a greater amount of rGO (0.10 g) nanomaterials was used in the membrane. This 

rGO is used to remove heavy metals using a low-pressure driving force, and the increased 

hydrophilicity of the membrane results in a smoother water flux over a longer time period 

[72].  

Table 5 summarized various catalytic studies utilizing rGO prepared using various 

plant extracts together with their concentration used, degradation time, percentage of re-

moval and adsorption capacity. 
 

Table 5. Summarized the catalytic activity of the synthesis rGO.  

Scientific 

name 

Dye 

used 

Metal 

ions 

Concentra-

tion 

Amount of 

photo-cata-

lyst 

Time re-

quired for 

degrada-

tion (min) 

Feature % removal Ad-

sorp-

tion 

ca-

pac-

ity 

Ref.  
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Spinacia 

oleracea 

Meth-

ylene 

blue 

(MB) 

Mala-

chite 

green 

(MG) 

NA • 100 mL of 5 

ppm solu-

tion 

• 20 mg • 60 min 

• 40min 

• Dark 

condi-

tion 

• NA NA [39] 

Syzyg-

ium aro-

maticum 

Meth-

ylene 

blue 

(MB) 

Mala-

chite 

green 

(MG) 

NA • 100 mL of 5 

ppm solu-

tion 

• 20 mg • 20 min • Dark 

condi-

tion 

• NA NA [88] 

Cin-

namomum 

zeylan-

icum 

Meth-

ylene 

blue 

(MB) 

Mala-

chite 

green 

(MG) 

NA • 100 mL of 5 

ppm solu-

tion 

• 20 mg • 40 min • Dark 

condi-

tion 

• NA NA [93] 

Eucalyp-

tus 

Meth-

ylene 

blue 

(MB) 

NA • 20 mL of 50 

mg L-1 

• 0.02 g • 10 • NA • NA ~ 45 

mg/g 

[53] 

Camellia 

sinensis 

NA Lead • 155.5 ppm 

• 240.5 ppm 

• 299 ppm 

• NA • NA • NA • 99.9 % 

• 99.9 % 

• 92 % 

 [48] 

Sugarcane 

bagasse 

NA Cad-

mium 

• 25 mL of 

Cd (II) (20 

mg/L) 

• 12 mg • NA • NA • NA 24.47 

mg/g 

[91] 

Aloe vera Meth-

ylene 

blue 

(MB) 

NA • 125 mL in 4 

ppm solu-

tion 

• 20 mg • NA • NA • 98 % NA [115] 

Camellia 

sinensis 

NA Lead 

(Pb 

(II)) 

• 150 mL of 

10 mg/L so-

lution 

• 0.4 g/L • NA • NA • 96.6 %  [59] 

Citrus 

hystrix 

Meth-

ylene 

blue 

NA • 20 mL of 50 

mg/L 

• 5 mg • NA • NA • NA 276.06 [92] 

Calliste-

mon vimi-

nalis 

NA Iron • NA • 0.10 g • NA • NA • 95.77 % NA [72] 

Alstonia 

scholaris 

Meth-

ylene 

blue 

(MB) 

NA 

 

 

• 50mL of 12 

mg L-1 

• 10 mg • NA • NA • 95.29 % 

• 6.03 % 

NA [96] 
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Me-

thyl 

or-

ange 

(MO) 

Phyl-

lanthus 

emblica 

Mixed 

dye 

(MB + 

MO) 

 

NA • 10 mg/L • 20 mg/L • 90 min • Sun-

light 

expo-

sure 

• 91% (MB) 

• 92% (MO) 

 

NA [83] 

Mixed 

dye 

(MB + 

MO) 

 

• UV • 98% MB) 

• 49% (MO) 

Murraya 

koenigii 

Meth-

ylene 

blue 

 

NA • 10 mg/L • 20 mg/L • 120 min 

 

• Sun-

light 

expo-

sure 

 

• 77% 

 

• NA [68] 

Me-

thyl 

or-

ange 

• 80% 

 

4.4. Antioxidant 

Suresh and co-workers demonstrated that Spinacia oleracea (leaf extract), Syzygium ar-

omaticum (bud extract), and Cinnamomum zeylanicum (bark) mediated rGO has scavenging 

activity against DPPH free radicals with IC50 value of 1590 µg/mL, 1337 µg/mL, 2250 

µg/mL, respectively [39,88,93].  

 

4.5. Sensors  

Haghighi and Tabrizi in 2013 demonstrated the use of Rosa damascene (rose water) as 

a reducing agent for GO reduction, and their ability to fabricate new types of sensors and 

biosensors was investigated using electrochemical measurements. Electrochemical im-

pedance spectroscopy (EIS) measurements revealed that the rGO modified glassy carbon 

electrode (GCE) has a charge transfer resistance (Rct) of 180  and a peak-to-peak separa-

tion of 96 mV for the redox probe on GCE/rGO. By examining the electrochemical prop-

erties of catechol in phosphate buffer solution and nicotinamide adenine dinucleotide 

(NADH) on a modified GCE/rGO electrode, the applicability of the prepared rGO for the 

fabrication of a new type of modified electrode was determined. GCE/rGO redox peaks 

for catechol had a formal potential of 140 mV vs. Ag/AgCl and peak-to-peak separation of 

97 mV, whereas NADH oxidation had a formal potential of 340 mV vs. Ag/AgCl. Further 

studies on modified GCE/rGO electrodes with immobilized glucose oxidase (GOx) re-

vealed redox peaks with a formal potential of - 412 mV vs. Ag/AgCl and a 45 mV peak-to-

peak separation. The results demonstrated that the synthesis rGO accelerated the electron 

transfer rate of a redox probe across the modified electrode interface. The electrocatalytic 

activity of GCE modified with rGO was excellent for catechol, NADH, and immobilized 

GOx [86]. 

Few years later, Chettri and colleagues demonstrated that 3D hedgehog-like 

nanostructures can self-assemble on the rGO surface without the use of external precur-

sors. This enables the rGO to be used effectively as a template for the development of 

high-performance energy storage and biosensing devices [41]. We used rGO mediated by 
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olive leaf to create a conductive indium tin oxide (ITO)/rGO modified electrode. Cyclic 

voltammetry was used to investigate the electrochemical properties of the ITO/rGO elec-

trode and to demonstrate the response in the presence and absence of ascorbic acid. The 

ITO/rGO electrode had a larger cyclic voltammetry area (quasi-rectangular shape) and a 

higher specific capacitance (275 F g-1), indicating that it is a successful ascorbic acid sensor. 

As a result, this rGO is suitable for use as an electrode modifier in energy storage devices 

and as an AA sensor [44]. Ghosh and colleagues demonstrate how to reduce GO to 

greenly-rGO (GRGO) using a variety of green reagents, including starch, ascorbic acid, 

glucose, clove extract and mint extract. All GRGO samples were found to have slightly 

higher electrical conductivities. Cyclic voltammetry and impedance measurements on all 

the GRGO indicates that GRGO mediated mint leaf extract modified electrode has the 

highest current-voltage response and the lowest charge transfer resistance of 140  (Rct) 

[57]. 

 

4.6. Nanocomposite 

Atarod et al. (2015) synthesis nanocomposite by biological reduction of GO, copper, 

and iron oxide (Cu/RGO/ Fe3O4) using Euphorbia wallichii leaf extract as a magnetically 

recoverable catalyst for the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in 

the presence of NaBH4 and Rhodamine B (RhB) dye in water at room temperature. The 

Cu/RGO/Fe3O4 nanocomposite was found to be highly active and could be recycled with-

out significant loss of activity for approximately six catalytic cycles [37]. rGO was synthe-

sis from Melissa officinalis extract and combined with hydroxyapatite (HA) in various con-

centrations to form rGO-HA nanocomposite. The rGO-HA (1 %) composite was deter-

mined to be the optimal composition, with a 3.2-fold increase in strength compared to 

pure HA. The biocompatibility of rGO-HA nanocomposite at 1 % and 0.5 % concentrations 

was evaluated using NIH-3T3 fibroblast cells [45]. 

Elmike and colleagues in 2019, demonstrated the fabrication of rGO, zinc oxide na-

noparticles (ZnO), silver-zinc oxide nanoparticles (AgZnO) and rGOAgZnO nanocompo-

site using Stigmaphyllon ovatum leaf extract. Over 120 minutes of photocatalytic degrada-

tion of MB using the nanomaterials, the nanocomposite demonstrated the highest degra-

dation efficiency of 68.1, 62.7, 61.7, and 57.4 % for the rGOAgZnO, ZnO, rGO and AgZnO 

respectively [55]. Copper nanoparticles (Cu NPs) were deposited on rGO using Euphorbia 

cheiradenia leaf extract to form the Cu/rGO nanocomposite, which demonstrated excellent 

degradation of 4-nitrophenol and hazardous dyes such as rhodamine B, methylene blue, 

methyl orange and congo red using NaBH4 at room temperature. Cu/rGO nanocomposite 

has a five-cycle reusability potential without deteriorating its catalytic capability [56].  

A bioinspired approach was used to synthesize a palladium anchored Thymbra spi-

cata extract-modified graphene oxide nanohybrid material (Pd NPs/rGO-T. spicata). The 

nanohybrid material demonstrated excellent water dispersibility. The as-prepared mate-

rial was demonstrated to be a heterogeneous catalyst for cyanating aryl halides (X= I, Br, 

Cl) using potassium hexacyanoferrate (II) trihydrate as a relatively inexpensive source of 

cyanide. The nitriles were synthesis in a good condition with excellent yields over a range 

of reaction time. Catalyst can be recovered and reused up to eight times without signifi-

cantly reducing their catalytic activity [62]. Khojasteh and colleagues investigated the re-

duction of GO to rGO using leaf extracts of Metha piperita and Tribulus terrestris, which 

both demonstrated moderate antioxidant activity in the DPPH assay (IC50= 28 and 33 ppm 

respectively). Mentha piperita extracts reduced GO more effectively than Tribulus terrestris 

extracts. Additional studies on the reducibility of Mentha piperita extract were conducted 

using the synthesize of rGO/Fe3O4 nanocomposite. Vibrating sample magnetometer anal-

ysis indicates that appropriate reduction of Fe ions and GO resulted in the formation of a 

rGO/Fe3O4 nanocomposite with superparamagnetic properties [58]. 

5. Characterizations  
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The reduction of GO to rGO with green reductants can be characterized using a va-

riety of optical, structural, electrochemical, and thermal techniques to confirm the removal 

of oxygen moieties as listed in Figure 3. The optical properties were investigated using 

ultraviolet-visible spectroscopy, whereas the development of the crystalline structure was 

studied using X-ray diffraction. The functional groups were identified using Fourier trans-

form infrared spectroscopy, and the electronic structures were deduced using Raman 

spectroscopy. The atomic composition and chemical covalent bond information were de-

termined using X-ray photoelectron spectroscopy. The thickness of the sheet was deter-

mined using atomic force microscopy. To observe the morphology and examine the mi-

crostructures, field emission scanning electron microscopy and transmission electron mi-

croscopy were used. Thermal stability and thermal degradation properties were deter-

mined using thermogravimetric analysis. The average size and potential surface charge 

were determined using dynamic light scattering. Cyclic voltammetry was used to deter-

mine the electroactive surface area, and four-point probe resistivity was used to determine 

the sheet resistance. 

 

 
 

Figure 3. Characterization techniques used to verify the properties of successful rGO synthesis.   

6. Conclusion 

To summarize, there are an infinite number of plant species in nature, and countless 

of them have enormous potential for further exploration and investigation in order to pro-

duce green nanomaterials. The majority of plant parts such as leaves, roots, bark, stem, 

fruits and seeds are being used to synthesize GO and rGO, and this has proven to be a 

more sustainable, reliable, and feasible method than the chemical method. The critical ad-

vantages of using green reductants are that they are environmentally friendly, cost effec-

tive, simple to isolate the product, non-toxic, biocompatible, and readily available. In sum-

mary, rGO prepared via the green route has the potential to be extremely useful in a wide 

variety of applications and to open up new avenues for bulk production.   
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