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A B S T R A C T   

It is well known that graphene (G), graphene oxide (GO) and reduced graphene oxides (RGO) are materials of 
today with immense application potentials. However, to realize the same large scale, reproducible, sustainable 
synthesis techniques such as greener methods which avoid utilization of toxic chemicals for synthesis, must be 
adopted. It is in this context, that here we report the reduction of GO to RGO by the extract of Thuja Orientalis 
(TO) seeds. As such, TO is a well-known bio-resource for medicinal and various other biotechnological appli
cations as it contains Alpha Tocopherol, the major constituent of vitamin E. To the best of our knowledge, despite 
the wealth of literature, the current work makes a pioneering effort in applying TO seeds extract for reduction of 
GO to RGO. Thus, the reduction of GO, synthesized by the well-known modified Hummer’s method to RGO by 
TO extract, is confirmed from the results obtained by ultra-violet visible (UV–Vis) spectroscopy, Fourier trans
form infrared (FTIR) spectroscopy, transmission electron microscopy (TEM), high resolution transmission elec
tron microscopy (HRTEM), energy dispersive X-ray (EDX) analysis, selected area electron diffraction (SAED), 
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), atomic force microscopy 
(AFM) and especially, gas chromatograph mass spectrometry (GCMS) techniques. Furthermore, the GCMS study 
is used to identify the compound Alpha Tocopherol responsible for reduction of GO to RGO. Based on current 
experimental evidences and literature views, the possible mechanism of reduction is suggested. Finally, the 
implications of present studies in the perspective of large scale, sustainable synthesis of RGO for various tech
nological applications are discussed.   

1. Introduction 

Graphene (G), graphene oxide (GO) and reduced graphene oxides 
(RGO) are materials evolving today more than yesterday both in terms 
of basic science and application perspective [1–3]. They provide a 
unique combination of electrical, optical, mechanical, thermal as well as 
biocompatibility and biotechnological properties [3–9]. Hence, they 
continue to foster a wide range of research interests [1–9]. Graphene is 
synthesized usually by the “Tape” method [10], chemical vapor depo
sition (CVD) [11], hydrothermal method [12], supercritical fluid pro
cessing [13] and of course, chemical exfoliation [14]. The most 

well-known Hummer’s method [15,16] produces a water-soluble GO 
obtained by controlled oxidation of graphite. Subsequently, GO is 
chemically reduced to get RGO [17]. A significant amount of recent 
research is devoted to GO and GO-composites for supercapacitor [18], 
sensor [19] and intercalation applications [20]. RGO and 
RGO-composites enjoy today even further enhanced research focus 
mainly due to their importance for energy storage [21], energy pro
duction e.g., proton exchange membrane (PEM) fuel cells [22], anodes 
of Li-ion batteries [23–25] and biomedical applications [26–30]. How
ever, highly toxic and explosive chemical e.g., hydrazine used for the 
synthesis of GO is not eco-friendly [17] and hence, is far from 
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recommended. 
Therefore, the major focus for large scale production of RGO is now 

on plant extracts used as green reductants, Table 1 [29–49]. Accord
ingly, many mechanisms are suggestively proposed but the confirmation 
of GO to RGO synthesis is mostly done based on characterization results 
[29–49]. These mechanisms widely vary from each other and hence, 
these shall be discussed later in details. Other attempts to convert GO to 
RGO include use of metals (e.g., iron, zinc, aluminium and manganese) 
[50–53] and acids with various functional groups (e.g., oxalic acid, 
L-ascorbic acid, gallic acid, formic acid and caffeic acid) [54–58] as 
green reductants. Further, supercritical alcohols [13,59] as well as 
natural cellulose and sugars [60,61] are also used as green reductants. 
Furthermore, microbes [62–64] and many other vitamins e.g., vitamin C 
and organic resources [65–67] are also utilized as green reductants to 
obtain RGO. In addition, alkaline e.g., potassium hydroxide (KOH), so
dium hydroxide (NaOH) [68], sodium bicarbonate (Na2CO3) [69] and 
sodium acetate (C2H9NaO5) [70] solutions and numerous other mate
rials also are reported [71] as green reductants to synthesize RGO. 
However, apart from the plant extracts these other green reductants also 
have their own problems. For instance, when metals are used to develop 
RGO there may be inevitable presence of impurities [50–53]. Again C/O 
ratios are relatively lower when gallic acid [57] or supercritical alcohols 
[59] are used. On the other hand, ionic liquid is needed for using cel
lulose [60] and relatively toxic alkaline atmosphere is required for using 
sugar [61] for reduction of GO to RGO. Thus, despite the wealth of 
literature [29–61] many such challenges are yet to be overcome as far as 
the green reductants are concerned. In this context, it is interesting to 
note from the literature survey presented above in Table 1 that, there has 
not been a single attempt yet to use the extract of TO seeds for synthesis 
of RGO. 

It is already well-known [72] that TO contains essential oils. These 
oils are traditionally used to treat fungus infections. Further, these oils or 
their derivatives are also used to treat cancer, moles and parasitic 
worms. The TO extract contains α-thujone. This is the component useful 
as an insecticide agent. In addition, α-thujone acts as an anti-helminthic 
agent for the treatment of parasitic worms [73]. Most importantly, the 
bio-technological potential of TO is well recognized for treatment of 
various critical disease. These include e.g., anti-proliferation treatment, 
anti-apostosis treatment, uterine cancer treatment, cystitis treatment, 
rheumatism treatment, amenorrhea treatment, psoriasis treatment, 
enuresis treatment and bronchial catarrh treatment [74–76]. Antioxi
dant properties of TO are also well established [77]. Further, the ethanol 
fraction of TO exhibits excellent hepato-protective quality [78]. The 
basis of such unique quality of TO extract is the presence of vitamin E 
which has Alpha Tocopherol as the major component [79–84]. It is 
interesting to note further that Alpha Tocopherol is most potent natural 
antioxidant with the highest capacity to scavenge reactive oxygen spe
cies (ROS). Therefore, it has high therapeutic potential for life threating 
diseases like cardiovascular failure, cancer and Alzheimer’s disease 
[85]. Furthermore, recent works exhibit that TO extract is also a very 
important bio-resource for synthesis of Ag nanoparticles (NPs) [86,87]. 
The aforesaid facts establish the genesis of TO as the material of choice 
in the present work. 

Since there has not been a single attempt yet to use the extract of TO 
seeds for synthesis of RGO; this is the major, novel objective of the 
present work. But this is not the only novelty of the present work. The 
major novelty lies in the fact that TO contains Alpha Tocopherol, a 
natural antioxidant; as mentioned above. Thus, the major novelty of 
present work lies in application of Alpha Tocopherol present in TO seeds 
extract. In other words, the major objective of the present work is to 
utilize the antioxidant property of Alpha Tocopherol present in TO seeds 
extract for reduction of GO to RGO. The samples obtained from these 
experiments are characterized by UV–Vis spectroscopy, FTIR spectros
copy, TEM, HRTEM, EDX analysis, SAED, Raman spectroscopy, XPS, 
XRD, AFM and especially, the GCMS techniques. The results derived 
from these characterization experiments confirm beyond any doubt that 

the presence of this special reducing agent e.g., the extract of TO seeds 
can successfully produce RGO and few layer RGO sheets in aqueous 
solution. Finally, the possible mechanisms are also suggested based on 
existing knowledgebase. 

2. Materials and methods 

2.1. Materials 

2.1.1. Synthesis of GO 
At first the graphite powder (Sigma –Aldrich, USA) mixed with 

appropriate quantities of sulfuric acid, potassium per-sulphate and 
phosphorus pentoxide (Sigma –Aldrich, USA) was kept for 6 h at 80 ◦C 
and then cooled down to room temperature. Then, it was diluted with 
200 ml deionized (DI) water (Millipore Direct Q 3UV, France). To 
remove residual acid, the mixture was filtered and washed several times 
with DI water. Thus, the residue obtained was dried. This was the pre- 
oxidized graphite powder which was subsequently converted to GO 
using the well-known Hummer’s method [15,16]. Briefly, the 
pre-oxidized graphite powder was mixed with the appropriate quantity 
of sulfuric acid at 80 ◦C followed by very slow addition of potassium 
permanganate with continuous, vigorous stirring while kept in ice bath. 
After continuous, vigorous stirring for 2 h at 35 ◦C, DI water was added 
to the mixture. Finally, the reaction was terminated with addition of 
further DI water and hydrogen peroxide. After filtering the mixture, it 
was washed with dilute hydrochloric acid to remove the metal ions. 
Repeated washing with DI water and centrifugation of the yellow brown 
residue was continued until pH of rinsed water became close to 7, the pH 
of neutral water. This yellow brown residue was the GO material [15, 
16]. 

2.1.2. Synthesis of RGO 
First, the procured TO seeds were naturally dried for about 10 days. 

It was done in the ambient laboratory atmosphere at room temperature. 
The dried seeds were mechanically ground. This step gave the TO 
powders. Then, about 1.5 g TO powder mixed with 45 ml ethanol was 
stirred for 4 h in a magnetic stirrer, followed by ultrasonication to ensure 
proper extraction. The extract of TO was then filtered with micro syringe 
filter. Prepared GO was reduced to RGO by using this freshly prepared 
extract of TO. To remove excess reductant from RGO solution; the 
repeated centrifugation with DI water was done [29]. 

Almost parallelly, 100 mg of GO powder mixed with 100 ml DI water 
was ultrasonicated for 1 h to disperse the GO sheets in water. Now, 25 ml 
of fresh TO extract was mixed with 100 ml of the freshly prepared GO 
solution. After 6 h, the yellow brown GO was reduced to completely dark 
RGO. Finally, 2 g of graphite converted to 1.4 g RGO with a process yield 
of ~70%. 

2.2. Characterization 

2.2.1. UV–Vis and FTIR spectroscopy 
The wavelength range from 200 to 1100 nm was scanned to measure 

the absorbance spectra of both GO and RGO using a spectrophotometer 
(Lambda 950, PerkinElmer, USA). Similarly, the FTIR spectra of the GO 
and RGO materials were measured in the range of wavenumber 
400–4500 cm− 1 using a FTIR spectrometer (Nicolet 6700, Thermo Sci
entific, USA) with a resolution of <0.001 cm− 1 and spectroscopic grade 
KBr (≥99.99%, Fisher Scientific, USA) pellet made in a die (PCI, India) 
as the internal reference standard. The background was collected for the 
DI water after mounting it in cell holder in FTIR spectrometer. An 
amount of ~5 μl each of both the GO and the RGO solutions in DI water 
were kept one by one in desiccators equipped with silica bag to record 
the respective spectrum. This step was followed by subtraction of water 
peaks by water correction option of OMNIC software available in the 
FTIR machine. 
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Table 1 
Literature survey on green, plant-based reductants and corresponding mechanisms for reduction of GO to RGO.  

Reducing agent Reduction conditions GO to RGO reduction 
proven by main 
experimental techniques 
(*) 

Suggested mechanisms Ref. No. 

Emblica officinalis (EO) Extract of EO fruit added to GO suspension, reflux 
1h, followed by heating for 24 h at 90 ◦C 

XRD, FTIR,UV–Vis, SEM, 
HRTEM, PL 

Reductant rolesof vitamin C,flavonoids andmany 
othercompounds. 

[29] 

Tagetes erecta flower 
extract 

100 ml of flower extract was added to Cu(NO3)2- 
RGO solution and stirred for 3 h at 95 ◦C 

XRD, FTIR,UV–Vis, SEM, 
HRTEM 

Phytochemicals and antioxidants present in flower 
extract 

[30] 

Marigold flower extract 5 ml of marigold flower extract added to 20 ml GO 
suspension and stirred for 3 h at 95 ◦C 

XRD, FTIR,UV–Vis, SEM, Phytochemicals [31] 

Clove oil extract Clove extract mixed with 75 g GO suspension in 
50 ml DW and refluxed for 50 min 

XRD, FTIR,UV–Vis, SEM, 
TEM, PL 

Antioxidants present in clove oil extract [32] 

Beta carotene Beta carotene Extract mixed with 2 mg.ml-1GO 
suspension at 95 ◦C for 24 h 

UV–Vis, XRD, TEM, FTIR, 
TGA,Raman 

Oxygen anions reactwith the epoxide moiety of GO 
leading to creation of aldehydes and removal of one 
water molecule 

[33] 

Green carrot root Carrot root extract mixed with 0.5 mg ml-1 

suspension at room temperature (RT) for 48 h 
XRD, FTIR, Raman,XPS, 
TEM,AFM, TGA 

Endophytic micro-oragnisms present in green carrot toot [34] 

Curcumin Curcumin seed extract mixed with GO suspension 
at 85 ◦C for 2 h 

TEM, AFM,Raman, 
UV–Vis, AFM,TGA, DSC 

Antioxidant action of polyphenols in curcumin seed 
extract 

[35] 

Grape juice Grape juice mixed with 0.6 mg ml-1 GO 
suspension at 95 ◦C for 1, 3 and 6 h 

UV–Vis, FTIR XRD, TEM Antioxidant properties of polyphenols present in grape 
juice 

[36] 

Green tea polyphenol Green tea solution mixed with 1 mg ml-1 GO 
suspension at 80 ◦C for 8 h 

UV–Vis, Raman, XPS, 
TGA, XRD, 

Antioxidant roles of polyphenols groups present in tea 
polyphenols 

[37] 

Green tea solution 50 mg GO added in the tea solution and sonicated 
for only 30 min, resultant colloid refluxed at 90 ◦C 
in a nitrogen atmosphere 

UV–Vis, Micro-Raman, 
XPS, TGA, XRD, AFM, 
TEM, SEM 

Antioxidant roles of multiple pyrogallol and catechol 
groups present in tea polyphenols 

[38] 

Green tea polyphenol 
and iron 

Tea solution added to 0.1 mg ml-1 GO suspension 
at 40, 60 and 80 ◦C for 10 min 

UV–Vis, Raman, AFM, 
SEM, TEM 

Antioxidant activity of green tea polyphenol in presence 
of iron 

[39] 

Rose water 10 ml rose water (12%) mixed to (7 mg. ml-1) 10 
ml exfoliated GO suspension, ultrasonicated for 
30 min and mixture heated for 5 h at 95 ◦C 

UV–Vis, Raman, FTIR, 
AFM, SEM, TEM, XRD 

Antioxidant activity of phenolic compounds plus 
flavonol glycosides 

[40] 

Coconut water 150 ml of fresh filtered tender coconut water 
added to 100 mg GO, 60 min sonication at RT 
followed by placement in an oil bath at 100 ◦C for 
12, 24 and 36 h 

UV–Vis, Raman, FTIR, 
AFM, SEM, TEM, XRD, 
Zeta potential 

Reductant role of C. nucifera (cocos nucifera l) [41] 

Citrus sinensis peel, 
leaves of C.esculenta 
and M. ferrea linn 

2 mg ml-1 GO suspension treated with 
corresponding phytoextracts at RT for 8–10 h 
followed by 5–8 h reflux 

FTIR, UV–Vis, XRD, TGA, 
TEM,Raman, Electrical 
conductivity 

Conversion of Phytochemicals to Quinones in presence of 
ROS and hence, reduction of oxygen containing groups 
present in GO 

[42] 

Spinach leaves 1.6 mg ml-1 GO suspension treated with extract of 
spinach and refluxed for 30 min at 100 ◦C. 

XRD, UV–Vis, TEM Roles of antioxidant phytochemicals such as vitamin C, 
acid derivatives of flavonoids and other compounds 

[43] 

Pomegranate 5 mg ml-1 GO in 400 mg ml-1 plant extract stirred 
for 8 h at 98 ◦C 

XRD, FTIR,FT-Raman, 
UV–Vis, TGA, SEM, TEM, 
HPLC Fluorescence 

Carbohydrates, glycosides, flavonoids, phytosterols, 
protein etc. are responsible for the reduction 

[44] 

Eucalyptus leaf extract Leaf extract (10 g l− 1) and GO (0.5 g l− 1) solution 
of 1:4 for 8 h at 80 ◦C 

UV–Vis, FTIR,SEM, TEM, 
GCMS 

Reductant roles of many compounds such as eucalyptols, 
aldehydes, terpineols, amides etc. 

[45] 

U. dioica leaves u. dioica powder added to GO suspension of 0.8 g 
l-1 stirrer for 1 h at 90 ◦C 

FESEM, TEM,Raman Reductant roles of many compounds e.g., fatty acids, 
carotenoids, polyphenols, histamines, phenolic acids, 
serotonins etc. present in the leaves, and histamine and 
serotonin containing NH2 functional groups 

[46] 

Starch 0.5 mg starch in 1 ml GO, pH value adjusted by 
ammonia water, hydrothermally heated for 15 
min at 120 ◦C 

UV–Vis, DLS, Zeta 
potential,XRD, Raman 
XPS, TGA, TEM,ATR-IR 

Interactions of GO with OH group of starch leads to 
degradation of starch to aldehydes and ketones 

[47] 

Tanin Tanin extract solution (e.g., 400 wt% relative to 
GO) mixed with 1.1 mg ml-1 GO suspension 
sonicated for 30 min, reduction at 80 ◦C, 10 h 

XPS, Raman,XRD, AFM, 
UV–Vis, TEM 

Reductant characteristics of abundant catechol and 
pyrogallol present in tannins 

[48] 

Cinnamon extract Cinnamon extract mixed with 1.6 mg ml-1 GO 
suspension by 40 min sonication and refluxed for 
0.75 h 

XRD, UV–Vis, TEM Antioxidant and free radical scavenging activities of 
cinnamaldehyde, eugenol and their derivatives present 
in cinnamon bark 

[49] 

* XRD-X-ray diffraction, FTIR-Fourier transform infrared spectroscopy, ATR-IR-Attenuated total reflection-infrared spectroscopy, UV–Vis-Ultraviolet–visible spec
trophotometry, AFM-Atomic force microscopy, XPS-X-ray photoelectron spectroscopy, Raman-Raman spectroscopy, FT-Raman-Fourier transform Raman spectros
copy, PL-Photoluminescence spectroscopy, Fluorescence spectroscopy (to analyze fluorescence of a material based on its fluorescent properties), SEM-Scanning 
electron microscopy, FESEM-Field emission scanning electron microscopy, TEM-Transmission electron microscopy, HRTEM-High resolution transmission electron 
microscopy, TGA-Thermogravimetric analysis, DSC-Differential scanning calorimetry, HPLC-High-performance liquid chromatography, GCMS-Gas chromatograph 
mass spectrometry, DLS- Dynamic light scattering, Zeta potential-the potential difference that may exist on the surface of a solid particle immersed in a conducting 
liquid and the bulk of the liquid, Electrical conductivity-measurement of the current carrying capacity of a given material. 
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2.2.2. Microstructural studies of GO and RGO 
The microstructure and elemental mapping of both GO and RGO 

were studied by using TEM and HRTEM techniques as well as EDX 
analysis by using a conventional machine (Tecnai G2 30, S-Twin, FEI, 
The Netherlands, 300 kV). The SAED patterns of GO and RGO were also 
recorded by utilizing the same machine. The EDX analyses were done to 
estimate the carbon (C) and oxygen (O) contents in GO and RGO. 

2.2.3. Raman spectroscopy 
Using exposure times of 5–10s and spot size ~5 μm, the Raman 

spectra of G, D and 2D bands in GO and RGO at 400–3500 cm -1 were 
recorded in a Raman spectrometer (STR500, Technos Instruments, Seki 
Technotron, Japan) at relatively lower power levels of 532 nm; to avoid 
the laser heating. To check reproducibility of the results, all measure
ments were repeated at least five times. Further, many different loca
tions of each examined sample were used to collect at least 10–20 
spectra to split up the effect of the substrate from the spatial alterations 
in the G layer properties and to ensure the reproducibility of the 
experimental data. Furthermore, the sensitivity of the 2D-band to the 
number of layers was described by the double resonant model assumed 
for the G material. 

2.2.4. XPS and XRD studies 
The C1s core level binding energies of the surface species present in 

the GO and RGO materials were studied by using the XPS technique 
(SPECS, Berlin, Germany). The base pressure in the machine was kept at 
~10-10 mbar. All the measurements were performed using a 12 kV, 200 
W X-ray source (non-monochromatic) that utilizes a Mg anode. The 
hemispherical Phoibos 100 energy analyzer attached in same machine 
was used to detect the kinetic energy of the emitted electrons. The 
carbon 1s peak at 285 eV was taken as reference for XPS spectra and 
these spectra were modelled with combined Gaussian–Lorentzian com
ponents including a Shirley background correction. The pass energy of 
187.85 eV with step increment of 1.6 eV was used to obtain the survey 
spectrum and pass energy of 11.75 eV and step increment of 0.1 eV was 
used to record the individual spectra. The final deconvolution for curve 
fitting of the experimentally obtained data was done by the XPS CASA 
software available in the XPS machine itself. The XRD pattern of GO and 
RGO materials were obtained using a standard diffractometer (X’pert 
Pro MPD, PANalytical, The Netherlands; 40 kV, 30 mA, CuKα1 radiation; 
step size 0.05◦, residence time at each step – 2 s). The measurements 
were repeated several times to check the reproducibility of the recorded 
data. 

2.2.5. AFM and GCMS studies 
The surface morphology and thickness of the RGO layer was studied 

by the AFM technique (Veeco Nanoscope IIIa, imaging area ~1 sq. μm, 
scanner resolution ~0.3 nm) in both contact and tapping modes. The 
RGO solution drop was put on the silicon oxide substrate. Subsequently, 
it was dried gently with a blower. Thus, the 3D AFM images gave the 
lateral dimensions of RGO layers. The tapping mode AFM was used to 
measure the thickness of few RGO layer stacks on silicon dioxide surface. 
The standard GCMS technique (GCMS QP 2020EI plus, Shimadzu, 
Tokyo, Japan) was used to study the different chemical functional 
groups which constitute the extract of TO. The technique could convert 
chemical mixture into individual substances when heated and identify 
the elements at a molecular level. The machine was equipped with an 
auto-sampler and an auto-injector. The carrier gas used was Helium. 

3. Results and discussion 

3.1. UV–Vis spectroscopic studies 

The UV–Vis absorbance spectra of both GO and RGO samples are 
shown in Fig. 1. The UV–Vis spectrum of GO shows an absorption peak 
at 232 nm. This peak is attributed to the π–π* transitions of the aromatic 

C–C bonds. This spectrum also shows a slight hump at about 300 nm. 
This hump occurs due to n–π* transitions of C=O bonds present in GO. 
However, on reduction of GO to RGO, the characteristic absorption band 
at 232 nm disappears. In fact, this peak is red shifted to about 272 nm in 
RGO. It happens due to the partial restoration of π network through the 
revival of electronic conjugation within the RGO sheets [31] obtained 
after reduction of GO to RGO by the TO extract. 

3.2. FTIR spectroscopic studies 

Fig. 2 (a) and 2 (b) show the FTIR spectra of GO and RGO, respec
tively. In FTIR spectroscopy generally, GO exhibits absorption bands or 
characteristics peaks ranging from 900 to 3500 cm-1. Generally, bands 
that occur at about 1700–1750 cm-1 are attributed to carboxyl i.e., 
(-COOH) groups present mostly at the edges of GO sheet. Similarly, 
bands present at about 1040–1170 cm-1 are attributed to C–O alkoxy 
stretching vibrations. On the other hand, the bands present in the range 
of about 3300–3500 cm-1 are usually ascribed to O–H stretching vibra
tions. Further, the bands occurring in the range of about 1300–1400 cm- 

1 are linked to O–H deformations. Furthermore, the bands observed in 
the range of about 1000–1280 cm-1 are associated with stretching vi
bration of epoxy C–O functional groups. Finally, the bands appearing at 
the range of about 1600–1650 cm-1 are attributed to aromatic C=C 
stretching vibrations [12,13,31,71]. 

Fig. 2 (a) shows intense bands at 1217, 1366, 1382, 1632 and 1738 
cm-1. Thus, the band at 1217 cm-1 happens due to stretching vibration of 
epoxy C–O functional group [71] or due to C–O–C stretching [31]. 
Similarly, the bands at 1366 cm-1 and 1382 cm-1 occurs due to O–H 
deformation or bending vibration [65,71]. The band at 1632 cm-1 occurs 
due to the stretching vibrations of aromatic C=C functional groups. The 
band present at 1738 cm-1 occurs due to C=O stretching or due to the 
presence of carboxylic group present most likely at the edges of the GO 
sheet [31,71]. The slightly blunt band at 1052 cm-1 occurs due to 
stretching vibration of alkoxy C–O functional group [31,71]. The broad 
hump at 3335 cm-1 is due to O–H stretching vibrations [71] suggesting 
thereby, the presence of functional hydroxyl groups at the surface [31]. 
These data suggest the presence of various functional groups which 
contain oxygen [31,71]. Further, the data from present work match with 
literature data [29,30,32–42,44,45,47]. The reduction of GO to RGO is 
confirmed from the absence of the band at 1632 cm-1 which occurs due 
to the stretching vibrations of aromatic C=C functional groups (Fig. 2b). 
The reduction of GO to RGO is confirmed further from the significant 
reduction in intensity of the broad hump at 3335 cm-1 that occurs due to 
O–H stretching vibrations. Similar observation is reported by other 

Fig. 1. UV–Vis absorption spectra of GO (1 mg ml-1) and RGO (1 mg ml-1).  
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researchers using tea polyphenol [37–39] and L ascorbic acid [55] as 
green reductants to reduce GO to RGO. It may also happen that the 
alkoxy and epoxy vibration peaks remain almost undistorted in RGO 
even though their relative positions may slightly change [68]. It is a 
situation that pertains to partial reduction of GO that is most likely the 
case of the present work. It needs to be noted further that, when GO is 
reduced to RGO, it becomes hydrophobic. This process makes the C=C 
structure partially restored. Consequently, the C=C stretching vibration 
become dominant but shifted to 1740 cm-1 in the RGO (Fig. 2b). Thus, 
the results obtained from UV–Vis spectroscopy and FTIR spectroscopy 
(Figs. 1 and 2) techniques corroborate with each other. These results 
also prove the presence of various functional groups in GO as well as the 
fact that reduction of GO leads to formation of RGO in the present work. 
Further, the present results agree with those reported by other re
searchers [13,29,30,32–42,45,47,55,68,71]. 

3.3. TEM studies 

The HRTEM photomicrograph of microstructure and corresponding 
SAED pattern of sheet of GO are presented in Fig. 3 (a) and (b), 
respectively. The GO microstructural sheet shown in Fig. 3 (a) is of 3–5 

μm size in width with wrinkle on the edges, as expected due to the 
intrinsic nature of graphene [13,55,71,88]. From SAED pattern shown in 
Fig. 3 (b), the bright spot of hexagonal pattern of GO is observed. This is 
expected because the sheet of GO possesses hexagonal SAED pattern [55, 
88]. It confirms the short-range crystalline nature of the GO material. 
The short-range order is over the length scale of the coherence length of 
the electron beam. The multiple hexagonal rings with different spots 
reveal the presence of domain boundaries in the selected region. It also 
confirms the presence of long-range orientational order. The positions of 
diffraction peak are undifferentiated from those of graphene. Folds or 
wrinkles in few sheets overlay further rotationally misaligned hexagonal 
arrangements. This observation also confirms the presence of few layer 
GO stacks in the microstructure. Similar observations have been re
ported by other researchers also [13]. Finally, ring patterns are formed 
most likely due to the increase in the degree of misalignment in the 
hexagonal arrangements, Fig. 3 (b) [34,49,52]. 

In a similar way, the TEM photomicrograph of microstructure and 
corresponding SAED pattern of RGO are shown in Fig. 3 (c) and (d), 
respectively. The TEM photomicrograph shown in Fig. 3 (c) also con
firms the presence of few layer RGO stacks with wrinkles suggesting that 
both conformal and non-conformal overlap of the few layers RGO stacks 
and their curling back on themselves happen in the microstructure, as 
expected [13]. It is evident that the RGO layer is about 2 μm wide. The 
corresponding SAED pattern of RGO (Fig. 3d) shows the diffused rings. 
These rings signify a structure that certainly differs from that of GO. It 
happens because the GO has undergone chemical reduction to RGO. 
Further, the RGO exhibits bright, focused diffraction spots in the SAED 
pattern. This happens due to the polycrystalline structure of RGO [13, 
49,59]. This result confirms the reduction of GO to RGO. Due to the 
reduction, the inter layer coherence of GO is lost [71]. As a result of this 
process, more and more oxygen free sheets become randomly oriented 
[13,49,59,71]. It is this random orientation of these oxygen free GO 
sheets that gives rise to the polycrystalline SAED ring pattern in RGO 
(Fig. 3d). Thus, the present results are in tune with what have been re
ported by other researchers [13,34,49,52,55,59,71,88]. 

Further, as shown in Fig. 4 (a); the elemental C and O contents in GO 
are about 78.87% and 8.87%, respectively. Thus, the C/O ratio is about 
8.90. Similarly, as shown in Fig. 4 (b); the elemental C and O contents in 
RGO are about 97.49% and 0.63%, respectively. Thus, the O content is 
significantly less in RGO, as expected. Hence, the C/O ratio is signifi
cantly enhanced to about 154.74. Similar change in C/O ratio are also 
reported by other researchers albeit the absolute magnitudes are 
different [34,37–39,51,55,58,67,69–71]. Even, a C/O ratio of as high as 
246:1 is reported also in literature [89]. These facts can be rationalized 
with the view that depending on the method used to reduce GO to RGO, 
and the intrinsic complexities involved in the chemical structure of the 
reductant itself; the different C:O ratios are obtained [34,37–39,51,55, 
58,67,69–71,89]. In the present study, the reduction of GO into RGO is 
done using extract of TO; as mentioned earlier. The huge reduction in 
oxygen content is certainly due to the antioxidant characteristic of Alpha 
Tocopherol [79–85] present in TO seeds extract utilized in the present 
work. 

Further, the Cu peaks in Fig. 4a and (b) occur due to the corre
sponding Cu coated grids used as GO and RGO sample holders for TEM 
examinations. There is also a very minor presence of Ca and Mg which 
might have come as impurities from the graphite resource [90]. But their 
presence is almost insignificantly small (Fig. 4 a) and should not affect 
the main results obtained in the current work. On reduction of GO to 
RGO by TO, a lot of complex chemical reactions have occurred and 
during this reduction process these impurities might have been either 
removed or might have been reduced to imperceptibly small magnitude 
and hence, undetectable in the EDX spectrum shown in Fig. 4 (b). 

Moreover, in both Fig. 4 (a) and (b), the relative count of electrons 
corresponding to the different Cu peaks vary. This is only obvious as the 
different Cu peaks represent different shells in the electronic configu
ration of Cu. It is well-known that each element has characteristic peak 

Fig. 2. FTIR spectra of (a) GO and (b) RGO.  
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positions corresponding to the possible transitions in its electron shell. 
The presence of Cu, for example, is indicated by two K shell corre
sponding peaks at about 8.0 and 8.9 keV and a L shell corresponding 
peak at 0.85 eV. Also, there are several almost coincident satellite peaks 

present due to contributions from the relevant sub-shells which is well 
established in standard X-ray physics. These may often overlap for many 
elements making a precise determination of their exact energy positions 
a real challenge. Hence, this entire data analysis is very high-end 

Fig. 3. HRTEM image of (a) GO, (b) SAED of GO, (c) RGO and (d) SAED of RGO.  

Fig. 4. EDX spectra of (a) GO and (b) RGO.  
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sophisticated software driven in all modern EDX machines attached to 
TEM as well as FESEM machines. Further, the relative counts vary 
depending on the instantaneous population distribution function of the 
electrons in different shells following quantum mechanical restrictions 
and statistical process physics of characteristic X-ray emission from 
electron pertaining to a given shell and/or sub-shell and their excitation 
probabilities. Furthermore, it also depends upon several other factors 
such as (a) the statistical distribution of energies of the bombarding 
electrons (b) the recognition mechanisms of the electron emission pro
cess itself by the detector and (c) the recording mechanisms of the 
relevant shell’s electrons by the corresponding recording counter in the 
EDX system. However, these may vary greatly among machines and 
detectors. It is also very interesting to note that results from TEM studies 
and EDX analyses are in tune with the results obtained from UV–Vis and 
FTIR spectroscopic studies which confirm the successful partial reduc
tion of GO to RGO by the TO seeds extract used in the present work. 

3.4. Raman spectroscopy studies 

Fig. 5 shows the Raman spectra of GO and RGO. The Raman spectra 
of graphite and G materials consist of mainly three different peaks e.g., 
two strong peaks D and G and a relatively weaker peak i.e., 2D [91,92]. 
These peaks lie in the spectral range of 1200–2800 cm-1. 

For the present GO material, the D band occurs at 1353 cm-1. The D 
band occurs due to the structural imperfections. It is suggested by other 
researchers [71] that the D band could be associated with breathing 
mode of K point phonons. In particular, the K point phonons belong to 
the A1g symmetry. The D -band signifies two aspects of GO. The first 
aspect that the D-band indicates is mainly the disorders that exist in the 
surface. The second aspect that the D band indicates is the degree of 
defects in GO [13,34,50–58,71]. 

Further, the G band occurs at 1585 cm-1. It occurs due to the in-plane 
vibrations of the sp2 carbon atoms and a doubly degenerated phonon 
mode i.e., the E2g symmetry at the Brillouin zone center [93]. In other 
words [94], it occurs due to the first order scattering of E2g phonon from 
sp2 carbon atoms. Thus, the G band indicates the extent of graphitic 
composition of the GO material. 

Similarly, the 2D band of GO occurs at 2690 cm-1. It is observed at 
nearly double the frequency of D band, as expected for a few layer stacks 
of GO structure [13]. It originates from the second order Raman scat
tering process. The changes in shape and intensity of the 2D peak give 
the information of different states of the G materials. The G peak of RGO 
is red shifted to 1580 cm-1. Thus, it occurs close to the G peak that occurs 
at 1563 cm-1 [71]. These facts suggest the restoration of the graphitic sp2 

network in the RGO structure [13]. These results again confirm that the 
GO is reduced to RGO by the extract of TO seeds. 

The intensity ratio of D band and G band is often used to check the 
extent of reduction of GO into RGO [91–99]. Depending on the synthesis 

process used for reduction of GO to RGO, the ratio ID/IG of the intensities 
of the D band to G band is reported to increase [13,34,48,50–58,60,65, 
67,69–71,91–96] as well as decrease [97–99]. In the current work the 
intensity ratio ID/IG decreases from 0.58 to 0.14 on reduction of GO to 
RGO, Fig. 5. Thus, the present observation matches with those reported 
by other researchers [97–99]. 

The decrease in ratio of ID/IG in RGO represents the higher degree of 
graphitization, suggesting thereby a decrease in degree of defects 
[97–99]. It is attributed to the decrease in the sp2 domain size of carbon 
atoms and the decrease of sp3 to sp2 carbon during the reduction of GO 
to RGO [97,98]. Thus, it means the restoration of the graphitic sp2 

network in carbon materials [97]. Other researchers [99] also report 
similar results, as mentioned above. It is ascribed to self-restoration of 
graphite by slow exclusion of oxygen as well as other functional groups 
from the partially reduced GO [99]. Thus, from the Raman spectra re
sults obtained in the present work; it is once again confirmed that the 
partial reduction of GO to RGO is obtained by the extract of TO seeds. 
Further, these results corroborate well with the results obtained by 
UV–Vis, FTIR spectroscopic and TEM studies. 

3.5. The XPS studies 

The typical low-resolution survey spectra of GO and RGO are shown 
in Fig. 6. It exhibits that the C1s peaks of GO and RGO occur at binding 
energy (BE) of about 284 eV. Similarly, the O1s peaks of GO and RGO 
occur at BE of about 530 eV. 

Further, the deconvoluted, high resolution XPS spectra of C1s in GO 
and RGO are shown in Fig. 7 (a) and Fig. 7 (b), respectively. According to 
other researchers [100], C1s spectrum of GO and RGO comprises of 
several different elemental peaks connected to possible presence of 
various surface functional groups. For instance, the peak at BE of about 
284.6 eV is associated with the presence of C–C surface functional group 
[71,100]. Similarly, the peak at BE of about 285.6 eV is associated with 
the presence of C–OH functional group at the surface. In a similar 
manner, the peak at BE of about 286.8 eV is attributed to the presence of 

Fig. 5. Raman spectra of GO and RGO.  Fig. 6. XPS survey spectra of GO and RGO.  
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C-epoxy surface functional group. Further, the presence of a peak at BE 
of about 288.2 eV BE is associated with the presence of C=O functional 
group at the surface. Furthermore, the peak at BE of about 289.4 eV is 
associated with the presence of O–C=O surface functional group [71, 
100]. However, it is usually difficult to exactly pinpoint the precise 
positions and hence, the corresponding BEs of these peaks [100]. Thus, it 
is evident from the XPS spectrum presented in Fig. 7 (a) that the current 
GO material bears a relatively larger proportion of oxygen associated 
with various functional groups present on the surface. Further, relatively 
minor proportion of oxygen is linked with hydroxyl and –COOH groups 
on the surface of GO. 

On the contrary, the deconvoluted, high resolution XPS spectrum of 
C1s in RGO represented in Fig. 7 (b) shows that amounts of majority of 
oxygen-containing functional groups are hugely reduced. The relative 
intensity of peak at BE of about 284.6 eV (Fig. 7b) corresponding to the 
C–C functional group is hugely enhanced in RGO. On the other hand, the 
relative intensity of the peak at BE of about 286.6 eV (Fig. 7b) corre
sponding to oxygen containing surface functional group of C in C–O is 
diminished in RGO. Further, the relative intensity of peak at BE of about 
287.6 eV (Fig. 7b) corresponding to the presence of carbonyl group at 
the surface is diminished in RGO. In addition, the relative intensity of 
peak at BE of about 289.2 eV (Fig. 7a) corresponding to the presence of 
the functional carboxylate carbon O–C=O group at the surface is 
diminished in RGO. All these evidences confirm the partial reduction of 
GO to RGO by the extract of TO seeds, used for the very first time in the 
current work. In addition, it is fascinating to note that the present results 
of XPS analysis are in complete agreement to those reported by other 
researchers [19,20,22,24,55]. The present results also confirm that the 
extract of TO seeds is successful in restructuring the characteristic 
graphitic sp2 network through the reduction of GO to RGO. It is 
important to note in this context that, the electrical and optical prop
erties of carbon-based materials such as GO and RGO are determined by 

the π–electrons in the characteristic graphitic sp2 network [13,71]. 
Further, these results corroborate well with the results obtained by 
UV–Vis, FTIR spectroscopic studies as well as those from HRTEM, EDX 
and Raman spectroscopic studies. 

3.6. The XRD studies 

The XRD patterns of GO and RGO are shown in Fig. 8. Here, the GO 
shows the characteristic peak at 2θ value of 11.5◦. It corresponds to 
interlayer spacing of 0.773 nm. It is well-known [38] that the charac
teristic peak of G occurs at 2θ value of 26.7◦ with an interlayer spacing of 
0.334 nm in the corresponding XRD pattern. The increase in interlayer 
spacing of GO compared to that of the G sheet occurs due to the presence 
of oxygen comprising functional groups on the G sheet. These are 
induced during the oxidation process. The presence of oxygen functional 
group leads to weak Van der Waals’ force interactions between the G 
sheets. As a result, the sheets exfoliate. This physical process results in 
the increase of interlayer spacing. Similar explanations are also sug
gested by several other researchers [13,19–22,29–34]. 

Here, the RGO shows the characteristic peak at 2θ value of 27.5◦

corresponding to the (002) plane of the corresponding XRD pattern. It 
corresponds to interlayer spacing of 0.355 nm. The shift of the GO peak 
from the 2θ value of 11.5◦ to the 2θ value of 27.5◦ in RGO happens on 
reduction GO to RGO by using the extract of TO seeds. These XRD pat
terns thus confirm the reduction of GO to RGO. The similar observations 
of peaks for both GO and RGO are also reported by other researchers in 
the correspondingly relevant XRD patterns [13,19–22,29–34,40–42,71, 
98]. Further, these results (Fig. 8) corroborate well with the results 
already obtained by the UV–Vis, FTIR spectroscopic, TEM, Raman 
spectroscopic and XPS studies. 

Fig. 7. High-resolution XPS spectra: C1s spectra of (a) GO and (b) RGO.  
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3.7. The AFM studies 

While preparing the sample by drop casting method on to the flat 
surface of silicon dioxide, more often than not; the large number of RGO 

layers were generally observed to be not only overlapped but also curled back 
on itself, thereby giving relatively higher thickness of about 10 to 20 nm 
while measured by AFM. Fig. 9 (a) shows a typical, illustrative example 
of such a common scenario observed during the AFM measurements. 

Fig. 8. XRD patterns of GO and RGO.  

Fig. 9. Tapping-mode AFM images and profile curves of RGO on silicon dioxide (a) few layer stacks of RGO overlapped and self-curled back as a bunch on to 
themselves and (b) single layer. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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The relatively higher thickness of about 19 nm may be due to several 
possible reasons: (a) the presence of relatively more stacks of RGO 
layers, (b) the presence of functional groups attached on both sides of 
the RGO layers and (c) the most likely process of overlapping on one 
another followed by self-curling back collectively as a bunch on to 
themselves. Thus, the actual thickness of such RGO few layer stacks may 
be about 5–10 nm. It may be recalled here that similar observations are 
also reported by other researchers [13]. It may be that due to wrinkling 
followed by the process of self-curling back as a bunch on to themselves, 
a relatively higher apparent thickness of about 19 nm is found from the 
AFM measurements, Fig. 9 (a). It is this process of overlapping and 
self-curling back onto itself, that gives rise to the observation of few 
layers RGO stacks in the TEM studies of microstructure (Fig. 3 c) in the 
present work. Thus, the results from the AFM study corroborate well 
with the results obtained from the TEM studies of the microstructure of 
RGO. 

Eventually, a single layer was also accidentally observed only in a 
specific position on the surface of silicon dioxide and hence, must not be 
considered as a general observation (Fig. 9 b). As a matter of fact, such 
single layer RGO structures are visible mostly in the case of RGO grown 
by the CVD process [11]. As such, the presence of single RGO layers is 
highly unlikely in chemical processes of RGO synthesis [13,29–32]. 
However, the AFM image and corresponding height profile give the 
thickness of the single RGO sheet as 0.397 nm. This value incidentally 
matches with the thickness (e.g., 0.335 nm) reported [89] for a mono
layer graphene. However, this match should be considered more in a 
sense of apparent similarity and absolutely nothing beyond that. The results 
of the AFM studies indicate generally the formation of few layers of RGO 
stacks overlapped on to each other as well as curled back collectively as 
a bunch on to themselves. 

Further, all the results discussed above confirm beyond doubt the 
excellent, novel capability of the extract of TO seeds for reduction GO to 
RGO. Therefore, it is of prime importance to understand the compounds 
present in TO by GCMS as discussed earlier; so that the mechanism 
responsible for the partial reduction of GO to RGO can be identified. The 

results of this attempt are presented below. 

3.8. The GCMS studies 

The chemical compositions of the extract of seeds of TO as evaluated 
by using GCMS, are shown in Table 2. The corresponding gas chro
matograph is shown in Fig. 10. The quantitative estimation of 30 com
pounds shown in Table 2 is done using the area normalization procedure 
from the chromatograph data plot presented in Fig. 10. The mechanism 
responsible for reduction of GO to RGO by the TO material used in the 
current work for the very first time is discussed below in section 3.9. 

The discussion is initiated first based on what is already known from 
existing literature [29–49] on plant part extract based green reductants 
thereby, leading to a summary of the state-of-the-art knowledge in this 
domain. Next, the possible mechanisms responsible for the current re
sults are discussed with this background knowledge in mind. 

3.9. Mechanisms responsible for reduction of GO to RGO by TO 

It seems plausible to argue that the mechanisms responsible for 
reduction of GO to RGO needs to be discussed from the perspective of 
wealth of literature, Table 1 [29–49] that is already presented before but 
not discussed in detail. It is high time that the same be discussed. The 
facts given in Table 1 establish a few realities. 

The first fact is that fruit extract [29], flower extract [30,31], leaf 
extract [42,43,45,46], seed extract [35], root extract [33,34], fruit juice 
[36,44], green tea solution [37–39], rose water [40], coconut water 
[41], fruit peels [42], spice extract [32], starch [47], tannin extract [48] 
as well as bark extract [49] are successfully used to reduce GO and RGO. 
All these plant parts contain a multitude of biochemical compounds with 
various functional groups [29–49]. This universal success in reduction of 
GO to RGO generally makes a concern whether some generic mecha
nisms are active through different biochemical pathways naturally 
present in correspondingly different plant parts. This issue shall be 
discussed soon in further details with reference to the wide variety of 

Table 2 
Chemical composition of TO seeds extract obtained by GCMS study.  

Peak R. Time Area Area% Height Height% A/H Name 

1 5.02 160312 2.18 60957 3.9 2.63  
2 5.09 87684 1.19 38075 2.43 2.3 Benzaldehyde 
3 5.396 55532 0.75 29787 1.9 1.86 1-Decene 
4 5.521 51838 0.7 25797 1.65 2.01 Undecane 
5 5.744 34790 0.47 23863 1.53 1.46 3-Carene 
6 9.635 333203 4.52 135006 8.63 2.47 1-Tridecene 
7 9.874 57900 0.79 25846 1.65 2.24 Dodecane 
8 12.413 42571 0.58 13475 0.86 3.16 2-Hydroxy-iso-butyrophenone 
9 16.264 388648 5.27 117195 7.49 3.32 1-Tetradecene 
10 17.27 77299 1.05 22677 1.45 3.41 Caryophyllene 
11 18.556 67831 0.92 21375 1.37 3.17 1,4,7,-Cycloundecatriene, 1,5,9,9-tetrame 
12 23.682 277560 3.77 72849 4.66 3.81 1-Heptadecene 
13 24.134 375556 5.1 98314 6.29 3.82 Cedrol 
14 24.791 37108 0.5 10953 0.7 3.39 Benzophenone 
15 30.822 121083 1.64 32852 2.1 3.69 1-Heptadecene 
16 32.269 49654 0.67 14217 0.91 3.49 Neophytadiene 
17 37.42 69119 0.94 19275 1.23 3.59 Trifluoroacetic acid, pentadecyl ester 
18 37.735 44687 0.61 11953 0.76 3.74 Naphthalene, decahydro-1,1,4a-trimethyl- 
19 42.834 106013 1.44 26550 1.7 3.99 (1R,4aR,4bS,7R,10aR)-1,4a,7-Trimethyl- 
20 42.957 73935 1 19666 1.26 3.76 1,3,6,10-Cyclotetradecatetraene, 3,7,11-tr 
21 43.746 215581 2.93 55383 3.54 3.89 1,3,6,10-Cyclotetradecatetraene, 3,7,11-tr 
22 44.301 93790 1.27 24061 1.54 3.9 (E)-3-Methyl-5-((1R,4aR,8aR)-5,5,8a-tri 
23 46.33 198080 2.69 44631 2.84 4.44 2-Phenanthrenol, 4 b,5,6,7,8,8a,9,10-octah 
24 46.813 118654 1.61 28731 1.84 4.13 Ferruginol 
25 50.104 132373 1.8 32737 2.09 4.04 1-Naphthalenepropanol,.alpha.-ethenylde 
26 54.97 701136 9.51 96059 6.14 7.3  
27 55.01 463450 6.29 91266 5.83 5.08  
28 58.759 1870803 25.39 299768 19.17 6.24 1-Naphthalenepentanoic acid, decahydro- 
29 60.022 828497 11.24 52327 3.35 15.83  
30 61.430 234101 3.18 18488 1.18 12.66 Alpha Tocopherol  
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mechanisms suggested by a multitude of researchers [29–49]. Further, 
the reduction of GO to RGO can happen at room temperature (RT) [34, 
42,49]. However, several reports also involve use of various temperature 
ranges, Table 1 [29–33,36–41,43–48]. The usage of relatively higher 
temperatures may be rationalized in terms of enhancing the reaction 
kinetics of the reduction process of GO to RGO. 

Despite the wealth of literature, however, each step of the relevant 
biochemical process and/or processes of the reduction of GO to RGO has 
remained far from well-defined so far. This is possibly also the reason 
that the journey continues with ever growing vigor and focus [13, 
29–32]. 

The second fact is that although utilizing different parts of the plants 
and hence, different specific sources of biochemical pathways, the most 
common experimental characterization techniques used [29–49] to 
prove the reduction of GO to RGO are e.g., UV–Vis, FTIR, XPS, TEM, 
HRTEM, EDX, Raman, XRD and AFM. Similar techniques are utilized in the 
present work. Further, some additional techniques like 
thermo-gravimetric analysis (TGA), scanning electron microscopy 
(SEM) and electrical conductivity are occasionally utilized [44]. 
Furthermore, fluorescence and high-performance liquid chromatog
raphy (HPLC) techniques have been rarely used [44]. In only one 
occasion, GCMS has been utilized [45]. It is interesting to note that the 
present study also utilizes the GCMS technique (Table 2, Fig. 10). 

The third fact is that many compounds are often suggested to be 
responsible for the reduction of GO to RGO. There is in fact nothing wrong 
with it as this is possibly closest to the exact truth, to dig out which; each step 
of the corresponding highly complex biochemical reaction and the corre
sponding kinetics of the biochemical reaction process and/or processes; are 
needed to be elucidated. But since multiple chemical compounds are involved; 
this is difficult to be experimentally followed up in exact details. 

For instance, it has been suggested [29] that reduction of GO to RGO 
by emblica officinalis fruits happens due to the presence of several 
compounds e.g., vitamin C, pectin, flavonoids, alkaloids, terpenoids, 

quercetin tannins, gallic acid, phyllaemblic compounds, and poly
phenolic compounds. It is an absolute reality that the relative contributions 
of each of these compounds in GO to RGO reduction would be very difficult, if 
not impossible, to experimentally assess and thereby propose an exact 
mechanism based totally on this reaction pathway. That is why the re
searchers have rightly suggested [29] that the compounds mentioned 
above are jointly responsible for the reduction of GO to RGO. Following 
a similar inductive logic, it has been suggested that for the green 
reduction of GO to RGO, the phytochemicals and antioxidants [30] or 
only the phytochemicals [31] present in Marigold flower extract are 
responsible. The logical extension of this philosophy suggests the pres
ence of antioxidants present in clove [32] to be responsible for GO to 
RGO reduction. 

The brief survey of literature (Table 1) therefore presents the further, 
righteous extension of this philosophy. For instance, it has been sug
gested that when beta carotene reduces GO to RGO it is possible that the 
O2− reacts with the epoxide moiety of GO to generate R–CHO and 
removal of one H2O molecule [33]. The details of exact reaction 
mechanisms are not reported [33]. On the other hand, the endophytic 
microorganisms present in green carrot route are believed to be 
responsible for reduction of GO comprising of e.g. diol, hydroxyl, 
epoxide, ketone etc. functional groups to RGO; but the reaction mech
anism details are not reported [34]. In a similar philosophy, the anti
oxidant actions of phenolic parts of curcumin molecule [35] and 
polyphenols in grape juice [36] are suggested to be responsible for 
reduction of GO to RGO. However, the details are again not reported 
[35,36]. 

On the other hand, the tea polyphenols (TPs) such as about 50–80 wt 
% EGCG (epigallocatechin gallate) and other polyphenols such as EGC 
(epigallocatechin), epicatechin gallate (ECG) and EC (epicatechin) are 
suggested to be responsible for the reduction of GO to RGO with [39] or 
without the presence of Fe [37,38]. However, due to the complex 
structure of TPs the exact details of reaction mechanisms are yet to be 

Fig. 10. GCMS chromatogram of the extract of TO seeds.  
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well understood [37]. In a similar manner, it has been suggested that the 
antioxidant activities of phenolic compounds plus flavonol glycosides 
are responsible for reduction of GO to RGO by rose-water but, the details 
of reaction mechanism are not reported yet [40]. Thus, several re
searchers [29,35–40] identify polyphenols and/or phenolic compounds as 
an important component for reduction of GO to RGO although, the exact 
details of relevant reduction mechanisms are not reported. 

A similar situation pertains when the reductant role of C. nucifera 
(cocos nucifera L) is suggested to be responsible for reduction of GO to 
RGO by coconut water [41]. In the case where GO is reduced to RGO by 
other green resources such as citrus sinensis peel, leaves of C. esculenta 
and M. ferrea linn [42], it is suggested that possibly the reduction of 
phytochemicals to quinones in presence of ROS leads to reduction of 
oxygen containing functional groups in GO even though details of 
reduction mechanism are not reported. In a similar way, the antioxidant 
properties of glucuronic acid derivatives of flavonoids and tartarated 
derivatives of p-coumaric acid [43] are suggested as responsible for 
reduction of GO to RGO by spinach leaves. Thus, it is not surprising to 
note that a host of compounds e.g., carbohydrates, glycosides, flavo
noids, phytosterols, protein etc.; are suggested to be responsible for the 
reduction of GO to RGO by pomegranate juice although the exact details 
are yet to emerge [44]. Therefore, it is evident that several researchers 
suggest flavonoids [29,44] or acid derivatives of flavonoids [43] are linked 
to green reduction of GO to RGO. 

In a similar extension of this inductive logic it has been suggested 
that various compounds such as eucalyptols, aldehydes, terpineols, al
cohols, amides and ethers of eucalyptus present in eucalyptus leaf 
extract and experimentally found out by the GCMS characterization 
technique [45]; are responsible for the reduction of GO to RGO. Thus, 
several researchers link presence of various terpineol compounds [29, 
45] to the reduction process of GO to RGO even though the details of 
reduction mechanism are yet to be amply established. Another recent 
work [46] suggests the combined presence of many compounds e.g., 
fatty acids, carotenoids, polyphenols, histamines, phenolic acids and 
serotonins etc. present in the extract of urtica dioica leaves as respon
sible for GO to RGO reduction even though the exact details of the 
relevant mechanisms are yet to be reported. Thus, several researchers 
[29,35–40,46] identify polyphenols and/or phenolic compounds as an 
important component for reduction of GO to RGO although, the exact 
details of relevant reduction mechanisms are not reported. 

On the other hand, aldehydes and ketones formed under alkaline 
condition by interaction of GO with OH functional group of starch is 
thought to be the responsible for reduction of GO to RGO by starch so
lution [47]. Here also, the details of reduction mechanisms remain yet to 
be comprehensively reported. When tannin is used, the abundant pres
ence of catechol and pyrogallol is suggested to be responsible for the 
reduction of GO to RGO [48] although details of the reaction mechanism 
are not reported. Finally, the antioxidant and free radical scavenging 
activities of cinnamon-aldehyde, eugenol and their derivatives present 
in cinnamon bark is suggested to be the agents [49] for reduction of GO 
to RGO by cinnamon bark extract. Thus, several researchers [45,47,49] 
link the presence of aldehydes to the reduction of GO to RGO. 

To summarize, the brief survey of literature [29–49] prove beyond 
doubt; that the mechanisms for reduction of GO to RGO by extracts 
obtained from various plant components are phenomenologically sug
gested to be linked to rightful contributions from a multitude of compounds 
present in the relevant parts but the details are yet to be unequivocally 
established. Truly speaking this is the current state of the art knowledge and 
it is certainly growing in right direction [29]. This lack of fundamental 
knowledgebase is also the major cause of continued current thrust in 
research on green reductants for synthesis of RGO from GO [13,30–32]. 
It is therefore imperative that, the present results be also viewed from a 
similar perspective as well. 

The present work uses the extract of TO seeds. As such, TO is an 
evergreen tree of Cupressaceae Group [72]. The extract of TO seeds 
contains Tocopherol, alkaloids and fixed oils [72–85]. The extract of TO 

seeds possesses many good attributes e.g., antioxidant, anticancer and 
anti-inflammatory properties [72–81]. The antioxidant capacity of TO 
seeds is linked to the presence of Alpha Tocopherol. It is also commonly 
known as vitamin E [79–85]. It is also useful for synthesis of NPs [86, 
87]. The importance of TO extract and Alpha Tocopherol is amply 
identified in Table 3. Before going into details of vitamin E and Alpha 
Tocopherol it is advisable to have a basic idea about the processes based 

Table 3 
Uniqueness of TO and Alpha Tocopherol.  

Sample/Issue Application Remarks Ref. No 

TO extract TO extract works as an 
anthelminthic agent for 
the treatment of 
parasitic worms 

It destroys the ROS* of 
parasitic cell and their 
cell membranes by its 
antioxidant activities 

[73] 

TO extract TO extracts used for 
anti- uterine cancer 
treatment 

The biotechnological 
properties, antioxidant 
properties of TO is 
useful in these 
treatments 

[74] 

TO extract TO extracts utilized for 
neurological disorder 
treatments 

The biotechnological 
properties, antioxidant 
properties of TO is 
useful in these 
treatments 

[75] 

TO extract TO extract used for 
cystitis treatment, 
rheumatism treatment, 
amenorrhea treatment, 
psoriasis treatment, 
enuresis treatment and 
bronchial catarrh 
treatment 

The biotechnological 
properties, antioxidant 
properties of TO is 
useful in these 
treatments 

[76] 

Extract of TO 
twigs 

Ethanolic fraction of 
TO twigs extract 
exhibits significant 
anti-atherosclerotic 
property 

The antioxidants present 
in TO reduces ROS* in 
cells and reduces total as 
well as LDL** 
cholesterol levels 

[77] 

Extract of TO 
twigs 

Ethanolic fraction of 
TO twigs extract 
exhibits significant 
anti-diabetic activities 

Glutathione reductase 
present in TO reduces 
hydro per oxidase in the 
presence of Glutathione 
per oxidase 

[78] 

Role of Serum 
Alpha 
Tocopherol in 
human 
mortality risk 
reduction 

Higher intake of serum 
Alpha Tocopherol 
causes lower mortality 
risks 

Peroxyl scavenging 
antioxidant role of 
Alpha Tocopherol 
reduces cardiovascular 
disease mortality risk by 
47% 

[79] 

Role of Alpha 
Tocopherol in 
human 
lipoprotein 

Alpha Tocopherol 
reduces Cu (II) to Cu (I) 
in human lipoprotein 

Cu (II) reduction by the 
lipoproteins is linked to 
their alpha tocopherol 
content 

[81] 

Role of Alpha 
Tocopherol in 
foods and oils 

Alpha Tocopherol 
reduces edible fats and 
oils 

Hydrogen donation by 
Alpha Tocopherol 
scavenge free radicals in 
foods e.g., edible oils 
and fats 

[82] 

Role of Alpha 
Tocopherol in 
higher plant 
cells 

Alpha Tocopherol 
protects poly 
unsaturated fatty acids 
from oxidation 

Alpha Tocopherols do 
both scavenging and 
quenching of various 
ROS as well as the lipid 
oxidation products 

[84] 

Ag NPs synthesis 
by TO leaf 
extract 

Ag NPs synthesis and 
characterization 

Alpha Tocopherol does 
both reduction of AgNO3 

solution and capping 
stabilization of 
synthesized Ag NPs 

[86] 

TO leaf extract 
mediated Ag 
NPs synthesis 

Cytotoxic and 
mutagenic attributes in 
peripheral human 
blood lymphocytes 

Results confirm that for 
human peripheral blood 
lymphocytes, the TO 
leaf mediated Ag NPs 
have both cytotoxic and 
mutagenic attributes. 

[87] 

*ROS-Reactive oxygen species, **LDL-Low density lipoprotein. 
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on which the plant-based antioxidants generally function. 
All plants produce antioxidants [83]. There are many examples of 

non-enzymatic antioxidants. These mainly include e.g., vitamin C, 
vitamin E and plant polyphenol. Further, glutathione and carotenoids 
are also non-enzymatic antioxidants. Thus, all the aforesaid plant part 
extracts utilized earlier [29–49] exploit basically one or the other of these 
compounds [83] and/or their suitable combinations. It is thus pertinent to 
know how vitamin E functions as an antioxidant. Basically, this function 
is achieved as it interrupts and terminates free radical chain reactions. 
Vitamin E is soluble in lipids. Other similar antioxidants e.g., caroten
oids are also soluble in lipid. All these non-enzymatic lipid soluble an
tioxidants including vitamin E are in the membranes of the relevant 
plant cells [83] and hence, are easily available for reduction of GO to 
RGO [29–49]. It needs to be noted further that vitamin E, vitamin C, 
carotenoids and glutathione are of small molecular size. They all func
tion in a generic mechanism. 

At first, they neutralize the ROS by radical scavenging. Next, they 
carry them away [83]. As functional oxygen containing groups are also 
present in GO (e.g., hydroxyl, alkoxyl, epoxide etc.) developed in the 
present work as well as in literature [29–49], the same generic antiox
idant mechanism of Alpha Tocopherol present in vitamin E is, in prin
ciple, valid in the case of the present work. 

As such, Vitamin E is a family of eight molecules [85]. Each of these 
molecules, comprises of a chromanol ring. Each chromanol ring pos
sesses an aliphatic side chain. If the side chains are saturated, the group 
comprises of Tocopherols. Depending on at which of the positions 5, 7 
and 8 of the chromanol ring, the specific methyl group is substituted; 
four isoforms e.g., alpha, beta, gamma, and delta of Tocopherol are 
formed. It is reported [85] that generally three chiral centers are present 
in Tocopherols. In addition, three configurations (e.g., 2R, 4′R and 8′R) 
are most common for Alpha Tocopherol. Further, it is reported [85] that 
out of the naturally occurring scavengers of ROS, Alpha Tocopherols; 
which are basically mono-phenolic compounds formed as derivatives of 
chomanols [82]; provide the highest potential of applications. Due to 
this intrinsic characteristic they act as excellent antioxidants in foods 
[82], as a chain breaker in lipid peroxidation [83], as antioxidant in 
higher plant cells [84], and in therapeutics for prevention of critical 
disease such as Alzheimer’s disease, cardiovascular failure, breast can
cer and many other disease [79,85]. Further, due to the same generic 
intrinsic characteristic it reduces Cu (II) to Cu (I) in human lipoproteins 
also [81]. Moreover, it has potential roles as both reducing agent and 
capping agent for synthesis of Ag NPs [86,87]. Thus, its role in synthesis 
of metal NPs, role in biotechnology and role in antioxidant activities are 
amply proven already [79,81–87]. 

During reduction, it terminates the lipid peroxidation chain reaction 
and; in the process gets oxidized to Alpha Tocopheroxyl radical [83]. 
The stability of Alpha Tocopherol as an antioxidant comes from the 

process of resonance delocalization. This delocalization occurs 
throughout the phenolic ring of Alpha Tocopherol structure [82]. 
Therefore, this radical is not only sufficiently stable but also sufficiently 
non-reactive to initiate lipid peroxidation on its own. These are the 
qualities that makes Alpha Tocopherol present in vitamin E; a good, 
generic antioxidant material [80,83]. The similar mechanism is appli
cable to the reduction of GO to RGO in the present work. 

Here, the possible mechanisms responsible for reduction of GO to 
RGO by TO are described in Figs. 10–12. Both from the GCMS data plot 
(Fig. 10) and from the relative distribution of various chemical com
pounds present in TO (Table 2), the experimental data also indentify the 
significant presence of Alpha Tocopherol, the most useful natural anti
oxidant (Table 3). Thus, Alpha Tocopherol consumes 61.1% of area (A), 
1.18% of height (H) and possesses the second highest (A/H) ratio of 
12.66 (Table 2) amongst these 30 compounds (given that the area is 
184101 units and the corresponding time is 18488 units). Therefore, 
based on several literature evidence [79–85] and the experimental data 
generated in the current work (Fig. 10 and Table 2) it seems plausible to 
argue that Alpha Tocopherol present in the extract of TO seeds; is 
responsible for the reduction of GO to RGO. 

Fig. 11 shows a collection of several digital images. The first one is of 
the original TO. The second one is that of the greenish TO seeds extract 
used in the present work. The third one represents the synthesized 
slightly yellow brownish solution of GO. Finally, the fourth one repre
sents especially, the rather blackish solution of RGO produced by using 
this TO seeds extract. The color change of GO suspension on reaction 
with extract of TO seeds for 6 h, is clearly distinguishable from the third 
and fourth digital images presented in Fig. 11. From these two digital 
images it is confirmed that on reduction, the yellow brown color of GO 
changes to completely black homogeneous suspension of RGO. 

The mechanisms of reduction of GO to RGO by TO seeds extract is 
schematically shown in Fig. 12. In this context it needs to be noted that 
the lower is the bond dissociation energy (EBD) for O–H group of the 
monophenolic antioxidants i.e., Alpha Tocopherol present in TO seeds 
extract, the higher is the stability of the antioxidant [82]. As such, (EBD) 
for the O–H functional group is ~70–100 KCal.mol-1 for the mono
phenolic antioxidants. Further, it is interesting to note that in terms of 
magnitude (EBD) Delta Tocopherol > (EBD) Gamma Tocopherol > (EBD) 
Beta Tocopherol > (EBD) Alpha Tocopherol [82]. This fact confirms 
further that Alpha Tocopherol possesses the least magnitude of bond 
dissociation energy of the O–H functional group and hence, it should be 
rather easy for bond dissociation to happen in it. 

In addition, Tocopherol has a small reduction potential of about only 
500 mV [101]. On the other hand, hydroxy radical has a reduction po
tential of 2300 mV [102]. However, alkyl radicals possess a much 
smaller reduction potential of about 600 mV. Further, the reduction 
potential is about 1600 mV for the alkoxy radicals. Furthermore, a still 

Fig. 11. Digital pictures of TO, extract of TO seeds, GO and RGO.  
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smaller reduction potential of about 1000 mV is possessed by the alkyl 
peroxy radicals. On the other hand, superoxide radicals have a reduction 
potential of about 940 mV [102]. Thus, the reduction potential of 
Tocopherol is smaller than those of all the radicals mentioned above. 
Therefore, it seems plausible to argue that Tocopherol, especially Alpha 
Tocopherol can easily donate hydrogen to the hydroxy, peroxy, alkyl and 
alkyl peroxy radicals which may be present in GO and thereby; reduce them 
[102]. 

It is indeed reported [82] that Tocopherol can donate hydrogen at the 
6-hydroxy group. This group is present on a chromanol ring. The 
donation of hydrogen results in formation of an alkyl hydroperoxide 
functional group while the Tocopherol is oxidized to a stable Tocopher
oxyl radical [82], as mentioned earlier. A similar situation pertains in 
the current work. It is therefore suggested that the reduction of GO to 
RGO can be thought of as a suitable combination of several chemical 
reactions [72,103] which happen due to the presence of reactive, oxy
gen containing functional groups in the surface of GO [29–49] and the 
monophenolic structure of Alpha Tocopherol [82] that acts as a green 
reductant in the current work. 

As shown in Fig. 12, the compound Alpha Tocopherol possesses a 
hydroxyl group. Therefore, it can donate a hydrogen atom to reduce the 
free radicals of GO, as mentioned above. Now, Alpha Tocopherol, the 
water-soluble antioxidant reacts with the oxidant (GO). Therefore, 
based on literature evidences [79–85] it is suggested that this reduction 
process may possibly form the first oxidative intermediate Dihydrox
ybenzoyl trihydroxy benzofuranone (DTB). 

This process donates hydrogen out (Fig. 12). This hydrogen possesses 
high binding affinity to hydroxyl and epoxide groups. As a result, water 
is formed. On the other hand, it is suggested already by other researchers 
that the DTB is irreversibly oxidized to Quinone [104–106]. These 
products then form the hydrogen bonds with residual oxygen functional 
group e.g., the peripheral carboxylic groups present in GO (Fig. 12). 

Based on all experimental evidences it is therefore suggested that 
through this reaction pathway perhaps the partial reduction of GO to 
RGO happen by the action of Alpha Tocopherol present in TO seeds 
extract. Further, the alkaline pH condition provides the electrostatic 
steric hindrance between the RGO sheets. This process therefore ob
structs the occurrence of the electronic π-π stacking conjugation among 
the RGO sheets. As a result, the usual process of aggregation is only 
partially but not totally prevented. The culmination of all these process 
steps finally result in the formation of a stable RGO suspension (Fig. 12). 

Further support to the contention that Alpha Tocopherol in TO seeds 
extract does both reduction and stabilization, comes from several other 
independent reports [107,108]. For instance, zerovalent iron NPs are 
synthesized from ferric ions using TO leaf extract [107]. The phenols 
and reducing sugars present in the extract are suggested to be respon
sible for the reduction of ferric ions to zero valent iron. These zero valent 
NPs possess antimicrobial properties as well as anti-bio-film formative 
properties [107]. Similarly, SiO2 NPs are synthesized from TEOS (Tetra 
ethyl ortho silicate) utilizing the TO extract [108]. Presence of phenols 
in the TO extract is suggested to be responsible for stabilization of the 

SiO2 NPs. Further, these NPs have anti-microbial properties [108]. 
Finally, it is noted that radical scavenging of the oxygen containing 
functional groups by Alpha Tocopherol present in vitamin E promotes 
formation of structural defects on the surface of CNT [109]. Thus, 
summing up [79–85,88–106] it may be suggested that antioxidant 
properties of Alpha Tocopherol present in TO seeds extract is responsible 
for the reduction of GO to RGO in the present work. 

3.10. The implications 

There is a major implication present in the results of the current 
work. This is the philosophy of synergy between the biofriendly char
acteristics of RGO [26–32] and the biofriendly characteristics of TO 
extracts, Table 3 [73–78]. In other words, the reduction of GO to RGO by 
the green bio-resource e.g., the TO seeds extract should further enhance; 
at least in principle; the bio-applicability of RGO developed in the pre
sent work. 

The RGO obtained is also highly dispersible in water and hence, 
should be amenable to large scale processing. Further, the extract of TO 
seeds is environmentally benign as well as sustainable. Thus, it provides 
a greener, new solution to the challenge of using the conventional toxic 
chemicals for synthesis of RGO. Since, the TO plant is abundantly 
available in nature; the process parameters can be suitably optimized for 
large scale green synthesis of RGO. 

Going ahead further, such RGO may find important usage in elec
tronic [1], biomedical [2,26–29], anti-microbial [3,30,31], nano
medicine [9], supercapacitors [12,18,33], fast response humidity 
sensing [19], hydrogen storage [21], PEM fuel cell [22], anodes of 
lithium ion batteries [23–25], photocatalysis [32], anti-cancer [35], and 
water treatment [36] etc. applications. If this dream comes true, the TO 
extract utilized in the current work should find applications not only for 
GO to RGO reduction but also for aforesaid and many other advanced 
technological applications [107–109]. 

4. Conclusions 

The reduction of GO to RGO is obtained by using a green reductant, i. 
e., the TO seeds extract in the current work. To the best of our knowl
edge, despite the wealth of literature; the application of TO for this purpose 
is pioneering in nature. The reduction of GO to RGO by TO seeds extract is 
confirmed from results of UV–Vis, FTIR, TEM, HRTEM, EDX, Raman, 
XPS, XRD and AFM studies. Additional results obtained by the GCMS 
technique confirm that Alpha Tocopherol present in TO seeds extract is 
most likely responsible for the reduction of GO to RGO. Based on ample 
literature evidence as well as the experimental data obtained in the 
current work; the characteristic, generic antioxidant mechanisms by 
which; Alpha Tocopherol present in TO seeds extract reduces GO to 
RGO, are also suggested. In the purview of largescale green synthesis of 
RGO using the bio-resource of TO extract and its many possible tech
nological fallouts, the implications of the current results are also 
comprehensively discussed. 

Fig. 12. Proposed reaction mechanisms for the chemical reduction of GO to RGO by Alpha Tocopherol present in the extract of TO seeds.  
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