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Green synthesis of reduced graphene oxide using Plectranthus amboinicus leaf extract and its supercapacitive performance
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Abstract. A rapid, efficient, green and eco-friendly approach for the preparation of reduced graphene oxide (rGO) using
 Plectranthus amboinicus(Indian borage) leaves extract (PAE) is explored in this study. The improvement in the reduction
 process was studied by varying the concentration of graphene oxide (GO), temperature and time duration. The physical
 and chemical properties of rGO are studied using Raman spectroscopy, Fourier transform infrared spectroscopy, X-ray
 diffraction (XRD) and field emission scanning electron microscope. The result obtained from XRD analysis confirms the
 removal of an oxygen-containing functional group of GO significantly by PAE. Raman analysis showed a higherID/IG


ratio for rGO (1.297) than GO (1.07), which indicates a higher level of disorder in the rGO with a decrease in the average
 size of the sp2domain. From the electrochemical studies, a significant specific capacitance of 92.05 F g–1(5 mV s–1) is
 obtained from the cyclic voltammetry (CV) curves and 73.20 F g–1(0.1 A g–1) from the galvanostatic charge–discharge
 (GCD) curve.


Keywords. Green synthesis; reduced graphene oxide; graphene oxide; Plectranthus amboinicus; supercapacitive
 performance.


1. Introduction


Graphene is a novel two-dimensional SP2 hybridized
 material with a honeycomb-like structure [1–4]. Graphene
 has a vast attraction among researchers due to its chemical,
 physical, thermal and mechanical properties, including high
 surface area [5–8]. In recent times, several approaches have
 been established for the production and applications of
 graphene [9]. GO is becoming so popular among
 researchers because it is applicable in areas where pristine
 graphene cannot be used directly. The major reason for the
 wide reduction of GO its bulk production, cost-effective-
 ness and environment-friendly nature. Despite these,
 chemical reducing agents are less preferred over natural
 reducing agents because of high toxicity and high cost
 [10,11]. To reduce the environmental impacts, non-toxic
 natural reducing agents such as sugars, vitamin C are
 commonly used for the reduction of GO [12].


Reduced graphene oxide (rGO) is obtained from the
 deoxygenation process of GO through chemical or physical
 processes. It could restore various conduction properties of
 GO. From the previous reports, the most commonly utilized
 reducing agents are hydrazine hydrate, NaBH4and dimethyl
 hydrazine, which are extremely toxic and explosive [11,13].


In particular, rGO synthesized using hydrazine as a reduc-
 ing agent encompasses toxic C–N groups [14]. Moreover,
 the treatment of harmful waste produced during the reduc-
 tion process also increases the cost of bulk production [15].


Due to these drawbacks, many researchers had found many
 novel reducing agents. In recent times, eco-friendly plant-
 based natural reducing agents, including leaves, stem,
 seeds, fruits and flowers are used from Urtica dioica[16],
 Pulicaria glutinosa[17,18],Terminalia chebula [19],Oci-
 mum sanctum [20], Tages erecta [21], Allium cepa [22],
 Chrysanthemum [23], sugar cane bagasse [24], rosewater
 [25], Camelia sinensis [11,26], pollen grains of Peltopho-
 rum pterocarpum [13], Glycine max [27], Eucalyptus
 globules [28], Barberry fruit extract [29], Tulsi green tea
 [30], were used to synthesize rGO.


In recent years, rGO and its composite materials are
mostly used in energy storage applications due to their large
electroactive surface area, high electrical conductivity and
remarkable chemical stability. Currently, there are few
findings on the green production of rGO to improve the
performance of supercapacitors. The impact of green
preparation utilizing black soybean extract for graphene-
based porous electrode for supercapacitors was explored by
Chuet al[27]. Hence, in this study, rGO was prepared from
https://doi.org/10.1007/s12034-021-02580-6



(2)Plectranthus amboinicus leaf extract (PAE). The synthesis
 process parameters are optimized to improve the reduction
 of GO. The synthesized rGO is subjected to different
 characterization. Besides that, its supercapacitive perfor-
 mance was also studied in detail to use as an electrode
 material for supercapacitor applications.


2. Materials and methods


2.1 Materials


GO was prepared from a modified Hummers method. Fresh
 Plectranthus amboinicus plant was collected from the pre-
 mises of Pondicherry University campus, Puducherry, India.


2.2 Preparation of plant extract


Disease-free leaves of P. amboinicus (PA) were collected
 carefully and washed in the running tap water until the
 removal of traces of soil and dust particles over the leaves,
 and thoroughly rinsed with deionized water and then dried
 for 3 h in a hot air oven at 50°C. After complete drying, PA
 leaves were powdered using a mortar and pestle. PA leaf
 powder (10 wt%) was mixed with 100 ml of deionized
 water and refluxed for 2 h and then filtered using Whatman
 No. 1 filter paper. The leaf extract ofP. amboinicusis used
 for the green synthesis of rGO.


2.3 Green synthesis of rGO


Graphene oxide (GO) was prepared using graphite powder
 by a modified Hummers method and its detailed procedure
 is available elsewhere [2,8]. The P. amboinicus (PA) leaf
 extract along with the GO was taken in the ratio of 1:2
 (0.5 mg ml–1) and ultra-sonicated for 1 h. The sonicated
 solution was transferred into the stainless steel autoclave
 (Teflon-lined) and placed at 100°C for 12 h. The change
 from brown to black colour of the solution indicates that the
 reduction reaction occurred. Further, the solution was
 washed several times using a centrifuge at 9000 rpm for
 10 min with deionized water and finally with absolute
 ethanol. This sample was dried at 60°C for 12 h using a
 vacuum oven to get rGO. The overall process for the
 preparation of rGO is illustrated in figure 1.


2.4 Optimization of reaction conditions


In this study, various parameters such as the concentration
 of GO and PAE, temperature, and time duration for the
 reduction were optimized to find out the quality of rGO.


Various concentrations of GO such as 0.5, 0.6, 1 and


2 mg l–1were added with PAE and sonicated up to 30 min
 and the hydrothermal reduction was carried out at 100°C for
 12 h. The best concentration of PAE was chosen for the
 characterization studies and applied to the other optimiza-
 tion studies. Various temperatures such as 80, 100 and
 120°C were optimized with 2 mg ml–1of GO. Further, the
 reaction time was optimized with various reaction times
 such as 6, 12, 18 and 24 h at 120°C.


2.5 Physical characterization


The crystal phase information of synthesized GO and rGO
 were analysed using X-ray diffraction (XRD) analysis
 (Model: Rigaku, Ultima IV) in the range of 5°–80° using
 nickel-filtered Cu-Ka radiation. The graphene exfoliation
 was characterized by recording Raman microprobe (Ren-
 ishaw RM2000) using 785 nm Argon ion laser. The func-
 tional properties of PAE, graphite flakes, GO and rGO were
 done with Fourier transform infrared spectroscopy (FTIR;


Model: JASCO-460 spectrometer). The morphology of
 exfoliated graphene nanosheets was investigated using field
 emission scanning electron microscopy (Model: Carl Zeiss-
 SUPRA-55).


2.6 Fabrication of rGO-based electrodes


The rGO electrode was fabricated using the synthesized
 rGO. rGO (85%) along with 10% of activated carbon are
 mixed well with 5 wt% of polyvinylidene difluoride in
 N-methyl pyrrolidine (NMP) binder. This paste slurry was
 used to coat over the nickel strips to use as the electrode for
 the electrochemical studies.


2.7 Electrochemical characterization


The electrochemical analysis such as cyclic voltammetry
 (CV) and galvanostatic charge–discharge (GCD) studies
 was carried out to examine the supercapacitive performance
 of the prepared rGO. A three-electrode system comprising a
 standard calomel electrode was acting as the reference
 electrode, Pt was employed as a counter electrode, and 1 mg
 of rGO-coated nickel strip was used as the working elec-
 trode in 6 M KOH electrolyte solution to investigate the
 electrochemical behaviours. All the experiments were car-
 ried out at ambient conditions using an electrochemical
 workstation (Biologic, VSP). The CV was taken in the
 potential range of -0.2 to ?0.4 V at different scan rates,
 such as 5, 10, 25, 50 and 100 mV s-1. The GCD was noted
 at different current densities, such as 1, 3, 5, 7 and
 10 A g-1, with a potential level of-0.2 to?0.4 V.
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(3)3. Results and discussion


3.1 Raman studies


Raman spectroscopy is an advanced and non-destructive
 technique for the analysis of carbon-based nanomaterials
 [30]. It is mainly used for the identification of layered char-
 acteristics of graphene. The Raman spectrum of GO and rGO
 has great variation after the reduction process, which has two
 bands (a) D band, caused due to k-point photons of A1g
 symmetry; (b) G band, resultant of the 1st order scattering of
 E2gphotons of sp2carbon atoms [9,15]. The Raman spectra
 obtained from the optimization studies and final synthesized
 PArGO are illustrated in figure2. In the GO spectra, there are
 two peaks observed at 1322 and 1591 cm–1, which is due to
 the D and G bands, respectively. After the reduction of GO,
 the ID/IG ratio increased significantly, which indicates the
 reduction efficiency of PAE.


To increase the reduction efficiency of GO, various
 parameters are optimized such as concentration, temperature,
 and time duration for the reduction process. Raman spectra
 for the concentration optimization are shown in figure 2a.


From this, it is confirmed that optimum concentration for the
 highest reduction of GO is 2 mg ml–1with theID/IGvalue of
 1.293 than the other concentrations (0.5, 0.6 and 1 mg ml–1).


Further, different temperatures are optimized such as 80, 100,
 and 120°C. From this, 120°C is confirmed as the optimum
 temperature for the highest reduction GO. Finally, different
 reduction times are optimized and 12 h is confirmed as
 optimum time and the reduction of GO with the highestID/IG
 value of about 1.297. From these optimization studies, the
 reduction efficiency is greatly improved. From these studies,
 the optimized conditions are 2 mg ml–1at 120°C for 12 h and
 these parameters are applied for the final synthesis of the
 PArGO with improved reduction efficiency of GO. In addi-
 tion to this optimum condition, some other interesting


information is also obtained from this study; if reduction time
 is further increased from 12 h, a steady decline inID/IGvalue
 is noticed. After the formation of PArGO, the peak is moved
 to 1311 and 1601 cm–1at D and G bands with an increasedID/
 IGvalue of 1.297 than that of GO (1.07). A recent study by
 Mahataet al[20] used anOcimum sanctumL. leaf extract as a
 green reducing agent and obtained only 1.005ID/IGratio for
 rGO from GO (0.95). More interestingly, Zheng et al[31]


used theP. amboinicusleaf extract for the reduction of GO
 and obtained only 1.08 ofID/IG ratio from 0.89 for GO. It
 revealed that the optimization conditions are playing vital
 role in increasing the reduction efficiency of GO.


3.2 XRD studies


The XRD results of GO and rGO obtained from all exper-
 imental conditions are shown in figure3. When the graphite
 gets oxidized, a diffraction peak is observed at 2h= 10.19°


with the d-spacing about 0.906 nm. It strongly confirms the
 formation of GO. For all the optimized conditions, the
 characteristic peak of graphene corresponding to the (002)
 plane appears around 2h= 25°. This broad peak corresponds
 to the d-spacing about 0.36 nm and this attributes to the
 restacking of graphene layers [9]. Therefore, it can be
 inferred that oxygen groups are removed from GO after the
 reduction process. It is also observed that the peak shifts
 towards lower 2hvalues on increasing the concentration of
 P. amboinicus.


3.3 FTIR studies


The functional groups present in the plant extract, GO and
rGO are confirmed using FTIR analysis as illustrated in
figure 4. For PAE, a characteristic peak is observed at
Figure 1. Schematic representation of reduced graphene oxide synthesis usingP. amboinicusleaf extract.



(4)3446 cm–1, which indicates the presence of O–H stretching.


A series of absorbance bands are obtained from 500 to
 2000 cm–1, a peak at 1614 cm-1represents carboxyl group
 of C–C stretching vibration present in the PAE. The
 absorbance peaks at 1385 and 1148 cm-1are related to the
 C–O and belong to polysaccharides and polyols, respec-
 tively [32]. Moreover, an absorbance band is recorded at the
 position of 886 cm–1 due to the C–N vibrations of the
 nitroso group. The polysaccharide and polyols are used as
 reducing materials for the synthesis of nanomaterials. A
 strong broad peak present at 3420 cm–1is the characteristic
 peak of GO, which belongs to the O–H stretching. The
 peaks corresponding to 2926, 2857, 1633, 1383 and
 1317 cm–1 indicate C–H alkane stretching, and C=O
 stretching of a carboxyl group, and C–O stretching of
 epoxy/alkoxy group. The spectra obtained for rGO indicate
 a reduction of GO by the elimination of oxygen functional
 groups [26] and the renovation of aromatic rings. The dra-
 matical disappearance of OH stretching shows the reduction
 of GO using PAE. The peak obtained at 2922 cm–1 indi-
 cates C–H stretching. The peak at 1633 cm–1from the GO
 disappeared in the spectra of rGO. Hence, from the


absorbance value, it has been observed that PAE act as an
 effective reducing agent for GO.


3.4 FESEM studies


The morphology and crystalline nature of GO and the pre-
 pared rGO are shown in figure5. This study revealed that GO
 consists of individual sheets closely related to one another.


The rGO has flocculent flake-like layers, which indicate the
 restacking of the layer. This restacking occurs due to Vander
 Waal’s force during the reduction [33]. Moreover, it is very
 clear that the synthesized GO is thin, but has formed as
 bundles. Besides, rGO sheets fairly have a large surface area,
 but quite different from that of GO [34].


3.5 Mechanism for reduction of GO


The mechanism for reducing GO is due to the presence of
 various phyto-chemical compounds in the PAE extract. The
 essential phyto-chemicals present in the aqueous PAE are
 Figure 2. Raman spectra of (a) concentration, (b) temperature, (c) time duration and (d) optimized rGO using PAE


(red line) and pure GO (black line).
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(5)terpenoids, alkaloids, tannins, carbohydrates, amino acids,
 phenolic compounds and proteins [32,35]. The polyphenols
 existing in the aqueous PA extract are highly acidic because
 of the electron-withdrawing effect due to the influence of six-
 membered polyphenol rings, and thus it acts as a nucleophile.


The reaction taking place here is the SN2 reaction, which
 occurs due to three reactive species present in GO: hydroxyl,


carbonyl and epoxide. Figure6shows the reduction mecha-
 nism proceeds by the reaction of the oxygen anion of
 polyphenol with the epoxide moiety opening the latter’s
 oxirane ring. The hydroxyl and carbonyl groups also expe-
 rience the same nucleophilic attack by oxygen anion present
 in the polyphenols [36,37]. In the hydrothermal reaction, the
 colour of PAE changed from dark brown to black due to the
 addition of GO. The colour changes the elimination of oxygen
 molecules, in the GO reduced as rGO.


3.6 Supercapacitor studies


It has been shown in some experimental researches that
 supercapacitors physically store charge with high capaci-
 tance. The materials that exhibits pseudo-capacitance varied
 from conducting polymers to transition metal oxides. One
 such example is RuO2supercapacitor, which shows highest
 specific capacitance. They are also used in commercial and
 industrial equipment. The use of capacitor has reduced energy
 usage by 40% [38].


3.6a CV studies: The specific capacitance of the material
 can be measured using CV curves with the following
 formula:


Figure 3. XRD analysis of (a) concentration, (b) temperature, (c) time duration and (d) optimized rGO using PAE
 (rGO) and pure GO.


Figure 4. FTIR spectra of PAE, GO and the prepared rGO.



(6)Cm¼ðmsDVÞ1
 Z


VOþDV


VO


I Vð Þdv


wheremis the mass of the active material in g (rGO),sis
 the scan rate in V s–1, DV is the scanning potential


variations in V; V0 is the starting voltage of the potential
 window in V.


The CV curves of rGO electrode in various potential
 ranges at the scan rate of 25 mV s–1 and CV plot of rGO
 electrode in various scan rates in the potential range of 0 to
 Figure 5. FESEM images (a) GO and (b) PArGO.


Figure 6. The reduction mechanism of GO with PA extract.
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(7)–1.0 V are presented in figure 7a and b, respectively. The
 specific capacitance values measured from CV plots are
 92.05, 76.40, 67.27, 53.75, 38.18, 29.19 and 24.35 F g–1
 corresponding to the scan rates of 5, 10, 15, 25, 50, 75 and
 100 mV s–1, respectively. The area under the CV curve is
 enlarged with increasing the scan rate. The CV plot of
 reduced graphene oxide (PArGO) shows a quasi-rectangular
 shape because of an increase in the current due to the
 applied voltage. While the scan rate is increased, the
 specific capacitance value is decreased. Recently, Chuet al
 [27] also obtained a similar trend for the green synthesized
 rGO.


3.6b GCD studies: The specific capacitance (Csp) of the
 PArGO electrode can be measured using GCD curves with
 the following formula:


Csp¼ IDt
 mDV


whereIis the persistent discharging current inA,Dtis the
 discharging time in s, mis the mass of the electrode in g,
 and DE is the potential change in V during the discharge
 process andDVis the potential window in V.


GCD curves of rGO electrodes in the potential range of 0
 to –1 V at different current densities are presented in
 figure 7c. The shape of the triangle indicates the pseudo-
 capacitance performance, which can be accredited to the
 involvement of oxygen functional groups that remain on
 graphene. Graphical representation of specific capacitance
 values from the GCD studies is shown in figure 7d. The
 calculated specific capacitance is 19.852 F g–1(1 A g–1) to
 73.202 F g–1(0.1 A g–1).


Figure 7. (a) Cyclic voltammograms of the rGO electrode for different potential ranges at the rate of 25 mV s–1. (b) Cyclic
voltammograms of the rGO electrode at various scan rate in the potential range between 0 and –1 V. (c) Galvanostatic
charge–discharge curves of rGO electrode in the potential range of 0 to –1 V at different current densities. (d) Graphical
representation of specific capacitance value from the GCD study.



(8)4. Conclusion


Graphene oxide was reduced by a simple hydrothermal
 method usingP. amboinicusleaves extract (PAE) ofLami-
 aceae family. The deoxygenation level of GO sheets reduced
 by PAE is analogous to the values obtained for PArGO from
 earlier reports. Both XRD and Raman analyses strongly
 confirm the successful reduction of GO. TheID/IGvalue of
 rGO increased significantly (1.297) than that of GO (1.07).


The FTIR analysis confirms the removal of the oxygen
 functional group over the surface of rGO. The morphology of
 rGO was confirmed by using FESEM studies. The specific
 capacitance of rGO by PAE is 92.05 F g–1(at the scan rate of
 5 mV s–1) from the CV and 73.202 F g–1 from the GCD
 curve. This study illustrates that the rGO has a good prospect
 in supercapacitors and also a cost-effective and an eco-
 friendly method for preparing rGO.
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