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The novel and efficient reduction of graphene
oxide using Ocimum sanctum L. leaf extract
as an alternative renewable bio-resource

Suhasini Mahata,a Anjumala Sahu,a Prashant Shukla,b Ankita Rai, b

Manorama Singh a and Vijai K. Rai *a

The efficient, rapid, bio-inspired synthesis of reduced graphene oxide (rGO) nanosheets was explored

using green leaf extract of Ocimum sanctum L. (Tulsi leaves). This mild biorenewable reducing agent

containing eugenol, ascorbic acid, and polyols also acts as a stabilizer for the prepared rGO.

Characterization of the synthesized graphene nanosheets was performed using XPS, TEM, SEM, XRD,

FT-IR, Raman and UV-vis spectroscopy studies. The catalytic application of the prepared rGO was

established through the fruitful reduction of a,b-unsaturated aldehydes to the corresponding allylic

alcohols in aqueous media. Excellent yields of pure products (92%) in addition to regioselective

reduction were practically observed.

Introduction

Graphene, a 2D carbon material arranged in a single layered
hexagonal lattice, has demonstrated tremendous electronic,
mechanical and thermal properties.1 These supreme qualities
of graphene give it great promise in areas of application such as
the fields of devices and composites.2 Many excellent studies
related to the catalytic applications of graphene, including
metal-free catalysts,3a graphene-based electrocatalysts,3b–d and
photocatalysts,3e have been well reported. Up to now, many
strategies4 have been adopted for the synthesis of graphene,
such as chemical vapor deposition (CVD),4a micro-mechanical
exfoliation,4b epitaxial growth,4c the thermal reduction of gra-
phene oxide,4d electric arc discharge,4e the chemical reduction
of exfoliated graphene oxide, etc.4f Of these methods, the
chemical reduction of graphene oxide is conceded a versatile
and suitable method for the bulk production of rGO at low cost.
Unfortunately, hydrazine,5a hydroquinone,5b and sodium boro-
hydride5c are toxic and hazardous chemicals with respect to
both human health and the environment.

As a consequence, continuous exertions have been focused
on alternative approaches and nature-based reducing agents,
such as vitamins,6 reducing sugars,7 amino acids,8 proteins,9

hormones,10 bacteria,11 and various plant extracts,12 for obtaining
rGO. The mild reducing efficiencies of natural products not only

prevent the agglomeration of rGO-sheets and maintain the partial
hydrophilic character of rGO, but also make them renewable and
efficient alternative reducing agents for GO reduction. Among
these natural reducing agents, plant extracts have become more
significant, due to their huge bio-availability and low cost, for the
bio-reduction of GO. However, most of the proposed methods
using plant extracts suffer from one or more serious drawbacks,
such as elevated reduction temperatures, longer reduction times,
the huge consumption of plant extracts, and sometimes low yields
with poor reduced graphene oxide structures (Table 1).

The leaf extract of Tulsi (Ocimum sanctum L.) contains
eugenol, ascorbic acid, polyphenols, etc.,13a,b which have natural
reducing abilities, and get oxidized to the corresponding
relatively more stable and unreactive quinone moieties with no
agglomeration of the prepared rGO. Recently, we have reported
the bio-reduction of GO using cashew leaf extract.13c In a
continuation of our interests in methodology development,14

especially using nanomaterials as catalysts,15 we next explored
green leaf extracts of Tulsi for the facile and green reduction of
GO. Herein, we report for the first time tulsi leaf extract as a
reducing agent for the reduction of GO (Fig. 1).

A plausible mechanism for reduction has been proposed
via SN2 nucleophilic attack involving the electrophilic carbon
of epoxide and reactive hydroxyl groups in GO, followed by the
elimination of water molecules (Scheme 1).16 Graphene oxide
has been prepared via the oxidation of graphite powder according
to a modified Hummers’ method.17 The reduction of GO using
Tulsi leaf extract was performed under heating conditions at
70 1C for 4 h. This proposed method for the reduction of
exfoliated GO has several advantages over other reported green
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methods12a–c,18 in terms of the extent of reduction, temperature
and time. The envisaged method for the reduction of GO has an
advantage regarding the enhanced dispersion of Tulsi leaf
reduced graphene oxide (TRGO) in water, which is expected
due to the already oxidized biomolecules present in Tulsi leaf
extract stabilizing TRGO.

Results and discussion

The reduction of GO using Tulsi leaf extract was performed
in water at 70 1C for 4 h. In a typical experiment, 40 mL of
leaf extract was added to 10 mL (1 mg/1 mL) of an aqueous

dispersion of GO under vigorous stirring, increasing the reaction
temperature up to 70 1C over the next 4 h. As the reaction
proceeded, the brownish color of the GO suspension slowly
changed to black and finally, over the next 3.5 h, it turned dark
black, indicating the formation of graphene (Fig. 1). The mixture
was kept under the same reaction conditions for an additional
half an hour to allow the GO to be well reduced. Herein, we
prepared four different samples of Tulsi leaf extract reduced
graphene oxide (TRGO) using different volumes of leaf extract
while the amount of GO suspension in all four sets was kept
constant at 10 mL (1 mg mL�1). These four sets are: TRGO 1
(10 mL of leaf extract); TRGO 2 (20 mL of leaf extract); TRGO 3
(30 mL of leaf extract); and TRGO 4 (40 mL of leaf extract). The
best reduction was observed using TRGO 4, hence, it was used as
a catalyst in the catalytic hydride transfer reaction. The extent
of reduction of GO into rGO induced by Tulsi leaf extract was
confirmed via spectral analysis, viz., UV-vis spectra, FTIR spectra,
XRD pattern, Raman spectra, XPS, TEM and SEM-EDX analysis.

Table 1 Comparative study of the C/O atomic ratios obtained from XPS elemental analysis of rGO produced using different reducing agents

Reducing agent GO reduction process Condition C/O atomic ratio Ref.

Gallic acid 400 mg of GO dispersed in 100 mL of water, sonicated
for 2 h, added NH3�H2O (1.2 mL)

RT, 24 h GO: 2.56; RT-rGO: 3.89 20a
95 1C, 6 h HT-rGO: 5.28

Hibiscus sabdariffa L.
extract

80 mg of GO (0.4 mg mL�1) dispersed in 200 mL of extract,
ultrasound for 1 h, heating

GO: 2.3; RT-rGO: 3.0 20b

HT-rGO: 3.01
Tea solution 50 g of GO dispersed in 100 mL of tea solution, sonicated

for 30 min, refluxing
90 1C, under N2

atmosphere
GO: 1.43; TPG: 2.84 20c

Sugarcane bagasse
extract

300 mg of GO dispersed in 600 mL of DI, ultrasound for
30 min, 400 mL of aqueous solution of SBE, followed by
600 mL of ammonia solution

95 1C, 12 h GO: 2.03; rGO: 3.37 20d

Drained water from
soaked mung beans

100 mg of GO dispersed in 100 mL of DI water,
100 mL of drainer water from soaked mung beans

RT, 24 h GO: 2.3; rGO: 6.6 20e

Pulicaria glutinosa
plant extract

200 mg of GO dispersed in 40 mL of DI water,
10 mL of plant extract (0.1 g mL�1)

98 1C, 24 h GO: 1.25; rGO: 1.86 20f

Tannin acid To a GO suspension in water, tannin acid was added
(400 wt% relative to GO) with sonication for 30 min

80 1C, 10 h rGO: 2.44 20g

Lycium barbarum extract To 100 mg of GO suspension in 100 mL of DI water,
100 mL of Lycium barbarum extract was added

95 1C, 24 h rGO: 6.5 12k

Chrysanthemum extract To a 0.1 mg mL�1 GO suspension, 100 mL of
chrysanthemum extract was added

95 1C, 24 h rGO: 6.6 12l

Tulsi leaf extract 10 mg of GO dispersed in 10 mL of DI water,
40 mL of leaf extract was added (1 mg mL�1)

70 8C, 4 h GO: 1.94; TRGO: 3.10 Present
work

Fig. 1 A schematic representation of the synthesis of TRGO.

Scheme 1 A plausible mechanism for the reduction of GO with Tulsi leaf
extract.

Fig. 2 (A) UV-vis spectra obtained for exfoliated graphene oxide (GO),
chemically reduced graphene oxide (CRG) via NaBH4, and Tulsi leaf
reduced graphene oxide (TRGOs). (B) Digital photographs of aqueous
dispersions of GO and TRGO 4. (C) FTIR spectra of GO, TRGO 4 and
aqueous leaf extract.
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Preliminary characterization was done using UV-vis spectro-
scopy (Fig. 2A). In the UV-vis spectra, two absorbance peaks
were observed at 232.2 nm and 307 nm for GO, which are
attributed to the p- p* transition of graphitic CQC bonds and
a very weak shoulder absorbance due to the n - p* transition
of CQO bonds, respectively. There were no satisfactory changes
in the peak positions of TRGO 1 and TRGO 2, while a dramatic
change in the absorption peak of TRGO 3 was noticed. Mean-
while, a new absorption peak appeared at 282 nm and started
shifting towards the red end with increasing leaf extract
volume. A newly appearing distinct peak indicates that electronic
conjugation in reduced GO is re-established. TRGO 4 shows
better reduction, with a corresponding characteristic peak at
288.1 nm. It is clearly noticed that the absorption peak shows a
larger red shift (288.1 nm) than seen from other reported
chemical methods (e.g., NaBH4 as a reducing agent: 267 nm),5c

as well as several green methods.6a,8a,b,11b,12a,19

In the FTIR spectra (Fig. 2C), GO characteristic bands
appearing at 3422.73 cm�1 reveal the presence of hydroxyl groups
in GO, while peaks at 1716.82, 1219.83 and 1057.56 cm�1 are
obtained for nCOOH, nC–O(epoxy) and nC–O(alkoxy), respectively.
A sharp peak at 1626.13 cm�1 can be assigned to aromatic
CQC stretching and one at 1389.02 cm�1 to the bending vibra-
tions of –OH groups of water molecules adsorbed on GO. The
intensities of FTIR absorption peaks corresponding to oxygen
functionalities such as nCOOH, nO–H, nCQO, nC–O–H significantly
decrease and the absorptions of epoxy groups even vanish
entirely, indicating that most oxygen containing functional
groups are eliminated during reduction. Furthermore, a new
band appearing at 1553.56 cm�1 is attributed to the restoration
of aromatic rings. The FTIR spectrum of leaf extract was also
recorded to investigate possible interactions between bio-
molecules present in the leaf extract and the prepared rGO. FTIR
analysis of the leaf extract showed two sharp absorption peaks
centered at 3479.70 and 1634.36 cm�1. It is well reported that the
absorbance peak at 1634.36 cm�1 from the amide I band of
proteins arises due to carbonyl stretching in proteins and that
at 3479.70 cm�1 arises from –OH stretching in alcohols and
phenolic compounds present in leaf extract. The presence of
possible proteins and polyphenolic compounds acting as redu-
cing and stabilizing agents for the prepared rGO is demonstrated.

An SEM image of TRGO 4 shows well exfoliated flake-like
sheets (Fig. 3A) and EDX analysis confirms the presence of 22
atomic% oxygen in the rGO, with a carbon to oxygen atomic ratio
(C/O) of B3.50 (Fig. 3B). This could be attributed to the presence of
unreduced oxygen-containing functional groups on the surfaces
of the reduced graphene oxide sheets. The prepared reduced
graphene oxide was fully analyzed via TEM observations. A low
magnification TEM image suggest that the reduced graphene oxide
layers are very transparent, silky and crumbly in nature (Fig. 3C). In
a HRTEM image of TRGO 4 (Fig. 3D), the ordered graphitic lattices
are clearly visible. The selected area electron diffraction (SAED)
pattern is shown in the inset of Fig. 3D, with hexagonal diffraction
patterns that confirm its crystalline structure.

XRD analysis of GO (Fig. 4A) shows that a characteristic
peak appears at 11.631, which highlights the introduction of

oxygenated functional groups with an interlayer spacing (d) of
7.61 Å. Upon reduction, the interlayer distance (3.24 Å)
decreases due to the removal of oxygen functionalities, and
the reappearance of a quite broad peak at 2y = 23.531 (Fig. 4A) is
slightly different from that observed for graphite (2y = 26.651,
d = 3.34 Å); this corresponds to the (002) plane, showing the
reduction of GO and restoration of an ordered crystal structure.
Furthermore, the small peak at 11.631 in TRGO 4 reveals the
presence of a small amount of residual oxygen functionalities
during reduction, which is also supported by the literature.20b

In Raman spectra, GO shows the G band at 1601.02 cm�1

and the D-band at 1365.32 cm�1, while in the case of TRGO 4, two
characteristic bands are observed: the G band at 1586.33 cm�1 is
usually assigned to the E2g phonon of sp2 atoms and the D band
at 1358.12 cm�1 (A1g symmetry mode) is attributed to structural
defects induced by hydroxyl or epoxide bonds on the graphene
oxide surface. Amusingly, in the case of TRGO 4, the D-band and
G band of GO is shifted to the lower end. The intensity ratio of the
D band to the G band (ID/IG) indicates the degree of disorder, such
as those involving defects. The ID/IG intensity ratio of GO is found

Fig. 3 (A) An SEM image of TRGO 4. (B) EDX data for TRGO 4. (C) A low
magnification TEM image of TRGO 4 and (D) A HRTEM image of TRGO 4:
the inset shows the SAED pattern of TRGO 4.

Fig. 4 (A) XRD patterns of GO and TRGO 4. (B) Raman spectra of GO and
TRGO 4.
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to be 0.95 (Fig. 4B), while it increases significantly to 1.005
in TRGO 4 due to a decrease in the literal size of the obtained
reduced graphene oxide sheets.

To evaluate the structural information and confirm the
removal of oxygen functionalities, X-ray photoelectron spectro-
scopy (XPS) analysis of GO and TRGO 4 was conducted (Fig. 5).
The C 1s XPS spectrum of GO (Fig. 5B) shows that two large
Lorentzian peaks are found in GO at 283.56 eV, corresponding
to C–C/CQC of the aromatic ring and C–C/CQC of aromatic
ring components, and 285.63 eV, corresponding to C–O
(1,2-epoxide and alkoxy functionalities), with peaks at 287.12 eV
and 288.05 eV corresponding to CQO and O–CQO, respectively.
XPS elemental analysis of GO also shows the presence of 66.1%
carbon and 33.9% oxygen, with an atomic ratio of carbon to
oxygen (C/O ratio) of 1.94 (Fig. 5A). Compared with GO, the
spectrum of reduced GO (TRGO 4) exhibits decreased intensities
for the C 1s peaks of carbon binding to oxygen functionalities
(Fig. 5C). Epoxy, alkoxy (C–O), O–CQO, etc. are greatly weakened,
which demonstrates the effective deoxygenation of GO, which is
in accordance with the results from FTIR and elemental analysis.
The carbon content from sp2 C–C makes up 73.09% of the total
carbon in TRGO 4, which is much higher than the 66.1% in GO.
The higher C/O ratio of TRGO 4 (3.10) suggests that the oxygen
containing components are partially removed during reduction,
which was also consistent with the obtained results from XRD
analysis.

Furthermore, the O 1s signal of GO was deconvoluted into
three peaks corresponding to quinone (529.79 eV), oxygen
double-bonded to carbon (CQO) at 531.33 eV, and oxygen
single-bonded to carbon, such as in the case of hydroxyl and
epoxy functionalities, at 533.18 eV (Fig. 6A). The complete
removal of the peak at 533.18 eV related to oxygen single-
bonded to carbon in TRGO 4 (Fig. 6B) suggests the successful
reduction of hydroxyl or epoxy functionalities upon the Tulsi
leaf extract assisted reduction of GO. A comparative study of the
C/O atomic ratios obtained from the XPS elemental analysis of

prepared rGO using various green reducing agents shows that
the C/O atomic ratio of TRGO 4 sample was close to that using
gallic acid (C/O of 3.89),20a Hibiscus sabdariffa L. extract (C/O of
3.01),20b and Sugarcane bagasse extract (C/O of 3.37),20d and
much higher than those using tannin (C/O of 2.44),20g Pulicaria
glutinosa plant extract (C/O of 1.86),20f and tea solution (C/O of
2.84) (Table 1).20c

The reduction of carbonyl compounds into their corresponding
alcohols is an important organic transformation. The reduction of
a,b-unsaturated carbonyl compounds has been widely carried out
using sodium borohydride. This reaction is highly solvent depen-
dent and generally does not result in useful regioselectivity. It can
follow two pathways: addition to the carbonyl group (1,2-addition)
to give allylic alcohols; or addition to the conjugated double bond
(1,4-addition) to afford saturated carbonyl compounds.21 To tune
the reducing power and selectivity of the metal hydride NaBH4 for
the 1,2-reduction of conjugated carbonyl compounds, numerous
hydroborate agents have been reported.22 The search for a novel
metal-free and green supporting catalyst to NaBH4 that allows
convenient, cost effective and efficient reduction under mild
conditions is very crucial. In this context and as a continuation
of our studies into synthetically useful green processes,14 especially
graphene fabrication and catalysis,15 we anticipate applying Tulsi
leaf extract reduced graphene (TRGO 4)/NaBH4 as a new reducing
agent for the regioselective reduction of a,b-unsaturated carbonyl
compounds (Scheme 2). Thus, a mixture of (E)-cinnamaldehyde
(1 equivalent), NaBH4 (0.5 equivalent) and TRGO 4 (10 mg) was
taken in water and stirred for 7 min at room temperature and,
surprisingly, appreciable conversion into (E)-cinnamyl alcohol (the
1,2-addition product) without the formation of saturated alcohol
(the 1,4-addition product) was achieved (Table 2, entry 1). Upon
increasing the catalyst loading from 10 mg to 15 mg, the yield of
the product increases up to 92% (Table 2, entry 2). However,
a further increase in the catalyst amount did not increase the

Fig. 5 (A) XPS survey spectrum of GO and TRGO 4, (B) the deconvoluted
C 1s spectrum of GO, and (C) the deconvoluted C 1s spectra of TRGO 4.

Fig. 6 (A) The deconvoluted O 1s spectra of GO; and (B) the deconvo-
luted O 1s spectra of GO TRGO 4.

Scheme 2 The reduction of cinnamaldehyde using TRGO 4 in water.
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conversion rate (Table 2, entry 3) and, hence, 15 mg of TRGO 4 was
taken as the optimum catalyst loading (Table 2, entry 2). Also,
increasing the reaction temperature under reflux conditions did
not increase the yield and conversion rate (Table 2, entry 8).
The reduction process did not take place either in the absence
of TRGO 4 or NaBH4, even after 5 h stirring at room temperature
(Table 2, entries 4 and 5) or under reflux conditions (Table 2,
entries 6 and 7).

Furthermore, just for comparison, we also tried chemically
reduced rGO in the aforementioned conversion and we
obtained the corresponding alcohol in relatively lower yield
than with the prepared TRGO 4 (Table 2, entry 9). The reason
for the higher catalytic efficiency of TRGO is presumably due to
its higher catalytic surface area. The defects and unsaturated
carbon atoms at its edges provide TRGO 4 with a higher
catalytic surface area. These factors make TRGO 4 a highly
active catalyst and avoid the possibility of agglomeration, which
explains the higher conversion rate using TRGO 4 than chemi-
cally reduced rGO (Table 2, entries 3 and 8). The catalyst was
then recovered from the first reaction batch via centrifuging,
washed with ethanol, and dried under vacuum at below 50 1C,
and it could be reused by mixing with fresh NaBH4 for five
subsequent reaction batches without any significant loss of
activity (Fig. 7). We did not face any difficulties or accidents
or any unpleasant moments while performing this reaction
process. The reduction of cinnamaldehyde to cinnamyl alcohol
was confirmed via FTIR (Fig. 8), 1H NMR (Fig. 9) and 13C NMR

(Fig. 10) spectroscopy and it is also in good agreement with
reports in the literature.23

Seven sets of equivalent protons are found in the 1H NMR
spectrum of cinnamyl alcohol. A 1H multiplet at 6.25–6.32 is
assigned to one a-H, while a doublet at 6.53–6.56 is attributed
to one b-H, and a coupling constant of 15.6 Hz shows that the
a- and b-Hs are both trans to each other. Three sets of equivalent
protons appear at a low field, indicating that they were more
deshielded due to being directly attached to the benzene ring (the
2H doublet at d 7.31–7.33, the 2H multiplet at d 7.21–7.28 and the
1H multiplet at d 7.15–7.20 ppm); a 2H double–doublet appears
for –CH2 at d 4.24–4.26 (J = 4.6 Hz, 1.2 Hz). A singlet at d 1.94,
attributed to –OH, was found in the 1H NMR spectrum.

Table 2 The optimization of the reaction conditions for the reduction of
cinnamaldehyde in aqueous media

Entry Catalyst Amount (mg) Timea Yieldb,c (%)

1 TRGO 4 10 7 min 68
2 TRGO 4 15 7 min 92
3 TRGO 4 20 7 min 92
4 — — 5 h —
5d TRGO 4 20 5 h —
6e — — 5 h —
7e TRGO 4 20 5 h —
8f TRGO 4 15 7 min 92
9g CRG 20 20 min 89

a Stirring time. b Yield of the isolated and purified product. c Charac-
terized via spectral (FTIR, 1H NMR and 13C NMR) data. d Without
NaBH4. e Stirring under reflux conditions without NaBH4. f Stirring
under reflux conditions. g Chemically reduced graphene oxide.

Fig. 7 Reusability experiments involving the TRGO catalyst.

Fig. 8 FTIR spectrum of (E)-cinnamyl alcohol.

Fig. 9 1H NMR spectrum of (E)-cinnamyl alcohol.

Fig. 10 13C NMR spectrum of (E)-cinnamyl alcohol.
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Conclusions

In summary, our work offers a convenient, cost effective and
green method for the reduction of GO using biomolecules
present in Tulsi leaf extract as bio-renewable mild reducing
agents for GO. This simple method has the sufficient advan-
tages of reestablishing the electronic configuration in reduced
graphene sheets, along with trace amounts of unreduced
oxygen functionalities in GO. Moreover, the developed rGO is
an efficient catalyst with NaBH4 in water for the regioselective
synthesis of a,b-unsaturated alcohols. Thus, the reported
protocol would be a practical green alternative to existing
procedures for the synthesis of allylic alcohols, catering for
the needs of academia as well as industry.

Experimental
General information

All chemicals used in this study were of analytical grade,
commercially available, and used without further purification.
Graphite (CAS No. 1E4011854, particle size: o100 mm) was
purchased from SD-Fine. Green leaves of Tulsi were collected
from Guru Ghasidas Central University campus, Bilaspur,
C.G. India.

UV-vis spectroscopic measurements were performed with an
aqueous dispersion of graphene oxide (GO), chemically
reduced graphene oxide (CRG) and Tulsi leaf extract reduced
graphene oxide (TRGO) in deionized water, and the absorbance
was detected using a Shimadzu, UV-1800 UV-vis spectrophoto-
meter (wavelength range: 200–800 nm). FTIR spectra were
recorded using a Thermo Nicolet, Avatar 370 spectrometer with
a resolution of 4 cm�1 and samples in KBr form. X-ray diffrac-
tion (XRD) analysis was conducted on a Bruker AXS D8 X-ray
diffractometer with CuKa radiation (l = 1.5406 Å).

A transmission electron microscope (JEOL 2100F) with an
accelerating voltage of 200 kV and a probe size of under 0.5 nm
was used to examine the morphology. The scanning electron
microscopy data with EDX images were obtained using a VEGA
3 TESCAN, EDX (Bruker) instrument. XPS measurements of
powder samples were performed via XPS with Auger Electron
Spectroscopy (AES) Module apparatus (PHI 5000 Versa Prob II,
FEI Inc.). Raman spectra were recorded on a micro-Raman
spectrometer (Renishaw plc, UK) using a 514 nm argon ion
laser. The 1H NMR and 13C NMR spectra were recorded on a
Bruker Advance III 400 MHz instrument in CDCl3 solvent, using
TMS as an internal standard. Chemical shifts were reported in
ppm (d) and coupling constants (J) in Hz.

Synthesis of graphene oxide

Graphene oxide (GO) has been synthesized via the oxidation of
graphite flakes using a modified Hummers’ method.17 About
1 g of graphite flakes was slowly added to concentrated sulfuric
acid (23 mL) while stirring in an ice bath, followed by addition
of about 0.5 g of sodium nitrate. And then, 3 g of potassium
permanganate was added slowly, keeping the temperature
within 0–5 1C to avoid any possible explosion. Stirring was

continued for 30 min a room temperature and a thick paste was
formed. This was then diluted with distilled water (46 mL)
under stirring conditions. The temperature of the solution was
raised to about 98 1C and then the mixture was stirred for 4 h.
Finally, it was cooled down and 100 mL of deionized water was
added, followed by the slow addition of 3 mL of H2O2 (30%).
The color of the solution changes from dark brown to yellowish
brown. The overall solution was exfoliated under stirring fol-
lowed by centrifuging at 3000 rpm to collect the solid mass at
the bottom. The prepared materials were repeatedly washed
with 50 mL of warm deionized water and 30 mL of 5% HCl to
completely remove residual salts and acids. Finally, the brown
mass was collected and dried at 50 1C under vacuum to obtain
solid graphene oxide.

Preparation of an aqueous extract of O. Sanctum L. (tulsi leaf)

2.5 g of fresh O. sanctum leaves were washed, chopped and
allowed to warm at 35 1C for 20 min with 100 mL of distilled
water. A wine-red solution was obtained, cooled down and
filtered with No. 1 Whatmann filter paper to yield leaf extract.
The pH of the extract was measured as 5.0 and further used for
the green reduction of GO.

Reduction of GO with the aqueous extract of O. Sanctum L.
(tulsi leaf)

About 10 mg of GO was dispersed in 10 mL of deionized water
(1 mg mL�1) in a round bottom flask and this was stirred for
30 min to obtain a brown colored homogeneous dispersion.
For the reduction process, 10 mL of leaf extract was added to
the suspension and the whole solution was stirred at 70 1C. The
solution gradually started changing color from brown to black
upon heating and, after 4 h, a dark black solution was obtained.
The reaction was discontinued, and the mixture was cooled
down to room temperature. The resulting solution was centri-
fuged at 3500 rpm for 30 min. And the solid was collected and
washed several times with a DI water and ethanol mixture.
Finally, the black solid was dried under vacuum at 50 1C. The
obtained product is designated as TRGO (Tulsi leaf extract
reduced graphene oxide).

Procedure for the reduction of cinnamaldehyde

About 88 mL of cinnamyl aldehyde (1 mmol) was added to a
magnetically stirred suspension of TRGO 4 (15 mg) in DI water
(2 mL) in a round bottom flask. About 0.5 mmol of NaBH4 was
then added to this reaction mixture and it was allowed to
stir at room temperature for approximately 7 min. After the
completion of the reaction as indicated by TLC, the catalyst was
separated via simple filtration using Whatmann filter paper
No. 1, and the reaction mixture was extracted with ethyl acetate
(3 � 5 mL) and distilled water (20 mL), and finally dried over
anhy. Na2SO4. The evaporation of the solvent using a rotary
evaporator afforded the pure product. Characterization data of
cinnamyl alcohol: white powder (92%);

IR (KBr): nmax 3360, 3004, 22942, 2839, 1483, 1459, 1263,
1156, 1039, 782 cm�1; 1H NMR (400 MHz; CDCl3/TMS): d: 7.31–
7.33 (d, 2H arom, J = 7.9 Hz), 7.21–7.28 (m, 2H arom), 7.15–7.20
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(m, 1H arom), 6.53–6.56 (d, 1Hb, J = 15.6 Hz), 6.25–6.32
(m, 1Ha), 4.24–4.26 (dd, 2H, J = 4.6 Hz, 1.2 Hz), 1.94 (s, 1H,
OH); 13C NMR (100 MHz; CDCl3/TMS): d: 138.18, 132.73, 129.35,
128.84, 127.03, 124.20, 62.83; EIMS (m/z): 134 (M+). Anal. calcd for
C9H10O: C, 80.56, H, 7.51; found: C, 80.23; H, 7.69.
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E. C. Salihi and L. Šiller, Mater. Sci. Eng., C, 2017, 72, 1–6;
(c) D. Chen, L. Li and L. Gao, J. Nanotechnol., 2011, 22,
325601.

9 J. Liu, S. Fu, B. Yuan, Y. Li and Z. Deng, J. Am. Chem. Soc.,
2010, 132, 7279–7281.

10 A. Esfandiar, O. Akhavana and A. Irajizad, J. Mater. Chem.,
2011, 21, 10907–10914.

11 (a) E. C. Salas, Z. Sun, A. Luttge and J. M. Tour, ACS Nano,
2010, 4, 4852–4856; (b) O. Akhavana and E. Ghaderi, Carbon,
2012, 50, 1853–1860.

12 (a) C. S. RaoVusa, S. Berchmans and S. Alwarappan, RSC
Adv., 2014, 4, 22470–22475; (b) B. Haghighi and M. A.
Tabrizi, RSC Adv., 2013, 3, 13365–13371; (c) T. Kuila,
S. Bose, P. Khanra, A. K. Mishra, N. H. Kim and J. H. Lee,
Carbon, 2012, 50, 914–921; (d) S. Gurunathan, J. W. Han,
J. H. Park, V. Eppakayala and J. Kim, Int. J. Nanomed., 2014, 9,
363–377; (e) D. Mhamane, W. Ramadan, M. Fawzy, A. Rana,
M. Dubey and C. Rode, Green Chem., 2011, 13, 1990–1996;
( f ) G. Lee and B. S. Kim, Biotechnol. Prog., 2014, 30, 463–469;
(g) D. Suresh, A. Udaybhanu, H. Nagabhushana and
S. C. Sharma, Mater. Lett., 2015, 142, 4–6; (h) B. Chandu,
S. Nurbasha and H. B. Bollokolla, ChemistrySelect, 2017, 2,
11172–11176; (i) B. Chandu, V. S. S. Mosali, B. Mullamuri and
H. B. Bollikolla, Carbon Lett., 2017, 21, 74–80; ( j) B. Chandu,
J. Chittajallu, R. R. Mukkavilli, A. B. Pilli and H. B. Bollikolla,
J. Mater. Sci. Technol., 2018, 33, 730–736; (k) D. Hou, Q. Liu,
H. Cheng, K. Li, D. Wang and H. Zhang, Mater. Chem. Phys.,
2016, 183, 76–82; (l) D. Hou, Q. Liu, H. Cheng, H. Zhang and
S. Wang, J. Solid State Chem., 2017, 246, 351–356.

13 (a) P. Prakash and N. Gupta, Indian J. Physiol. Pharmacol.,
2005, 49, 125–131; (b) S. Balakumar, S. Rajan,
T. Thirunalasundari and S. Jeeva, Asian Pac. J. Trop. Med.,
2011, 1, 654–657; (c) S. Mahata, A. Sahu, P. Shukla, A. Rai,
M. Singh and V. K. Rai, New J. Chem., 2018, 42, 2067–2073.

14 (a) F. Verma, A. Sahu, P. K. Singh, A. Rai, M. Singh and
V. K. Rai, Green Chem., 2018, 20, 3783–3789; (b) V. K. Rai,
F. Verma, G. P. Sahu, M. Singh and A. Rai, Eur. J. Org. Chem.,
2018, 537–544; (c) V. K. Rai, P. K. Rai, S. Bajaj and A. Kumar,
Green Chem., 2011, 13, 1217–1223.

15 (a) F. Verma, P. K. Singh, S. R. Bhardiya, M. Singh, A. Rai
and V. K. Rai, New J. Chem., 2017, 41, 4937–4942;
(b) H. Kashyap, P. K. Singh, F. Verma, V. K. Rai, A. Rai and
M. Singh, New J. Chem., 2017, 41, 6489–6496; (c) M. Singh,

NJC Paper

Pu
bl

is
he

d 
on

 3
1 

O
ct

ob
er

 2
01

8.
 D

ow
nl

oa
de

d 
by

 K
ar

ol
in

sk
a 

In
st

itu
te

t U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
1/

21
/2

01
9 

10
:0

1:
48

 A
M

. 
View Article Online

http://dx.doi.org/10.1039/c8nj04086a


19952 | New J. Chem., 2018, 42, 19945--19952 This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018

S. R. Bhardiya, H. Kashyap, F. Verma, V. K. Rai and I. Tiwari,
RSC Adv., 2016, 6, 104868–104874; (d) S. Mahata, A. Sahu,
P. Shukla, A. Rai, M. Singh and V. K. Rai, Lett. Org. Chem.,
2018, 15, 665–672.

16 S. Thakur and N. Karak, Carbon, 2015, 94, 224–242.
17 D. C. Marcano, D. V. Kosynkin, J. M. Berlin, A. Sinitskii,

Z. Sun, A. Slesarver, L. B. Alemany, W. Lu and J. M. Tour,
ACS Nano, 2010, 4, 4806–4814.

18 (a) D. Suresh, P. C. Nethravathi, A. Udaybhanu,
H. Nagabhushana and S. C. Sharma, Ceram. Int., 2015, 41,
4810–4813; (b) M. Khan, A. H. Al-Marri, M. Khan, M. R.
Saikh, N. Mohri, S. F. Adil, M. Kuniyil, H. Z. Alkhathlan,
A. Al-Warthan, W. Tremel, M. N. Tahir and M. R. Siddiqui,
Nanoscale Res. Lett., 2015, 10, 281–297.

19 (a) S. B. Maddinedi, B. K. Mandal, R. Vaankayala, P. Kalluru,
A. K. Tammina and H. A. K. Kumar, Spectrochim. Acta, Part
A, 2014, 126, 227–231; (b) Z. Bo, X. Shuai, S. Mao, H. Yang,
J. Qian, J. Chen, J. Yan and K. Cen, Sci. Rep., 2014, 4, 4684.

20 (a) J. Li, G. Xiao, C. Chen, R. Li and D. Yan, J. Mater. Chem. A,
2013, 1, 1481–1487; (b) H. J. Chu, C. Y. Lee and N. H. Tai,

Carbon, 2014, 80, 725–733; (c) Y. Wang, Z. Shi and J. Yin,
ACS Appl. Mater. Interfaces, 2011, 3, 1127–1133; (d) B. Li,
X. Jin, J. Lin and Z. Chen, J. Cleaner Prod., 2018, 189,
128–134; (e) M. Jana, S. Saha, P. Kharna, N. C. Murmu,
S. K. Srivastava, T. Kuila and J. H. Lee, Mater. Sci. Eng., B,
2014, 186, 33–40; ( f ) M. Khan, A. H. Al Marri, M. Khan,
N. Mohri, S. F. Adil, A. Al Warthan, M. R. H. Siddiqi,
H. Z. Alkhathlan, R. Berger, W. Tremel and M. N. Tahir,
RSC Adv., 2014, 4, 24119–24125; (g) Y. Lei, Z. Tang, R. Liao
and B. Guo, Green Chem., 2011, 13, 1655–1658.

21 M. Mahanadi, D. Setamdidesh and B. Khezri, J. Org. Chem.,
2013, 127585.

22 (a) S. Krishnamurthy and H. C. Brown, J. Org. Chem., 1977,
42, 1197–1201; (b) S. Kim, Y. C. Moon and K. H. Ahn, J. Org.
Chem., 1982, 47, 3311–3315; (c) J. C. Fuller, E. L. Stangeland,
C. T. Goralski and B. Singram, Tetrahedron Lett., 1993, 34,
257–260; (d) J. M. Fortunato and B. Ganem, J. Org. Chem.,
1976, 41, 2194–2200.

23 L. Shi, Y. Liu, Q. Liu, B. Wei and G. Zhang, Green Chem.,
2012, 14, 1372–1375.

Paper NJC

Pu
bl

is
he

d 
on

 3
1 

O
ct

ob
er

 2
01

8.
 D

ow
nl

oa
de

d 
by

 K
ar

ol
in

sk
a 

In
st

itu
te

t U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
1/

21
/2

01
9 

10
:0

1:
48

 A
M

. 
View Article Online

http://dx.doi.org/10.1039/c8nj04086a



