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Abstract Due to their excellent physicochemical properties and synergistic effect, graphene metallic

NPs based nanocomposites have gained significant attention in various technological fields including

catalysis.Herewe demonstrate a single pot, facile and environmental friendly synthesis of catalytically

active palladium(Pd)@graphene nanocomposites (SP-HRG-Pd) by the simultaneous reduction of

graphene oxide (GRO) and PdCl2 using Salvadora persica L. (miswak) root extract (RE) as bioreduc-

tant. The synthesis of SP-HRG-Pd was confirmed by various spectroscopic and microscopic tech-

niques, including ultraviolet–visible (UV–vis), Fourier-transform infrared (FT-IR), Raman and

X-ray photoelectron (XPS) spectroscopy, X-ray powder diffraction (XRD) and transmission electron

microscopy (TEM). The polyphenolic (flavonoids) and terpenoids rich contents of themiswakREnot

only facilitated the reduction of graphene oxide and PdCl2 but also ensured the homogeneous binding

of the Pd NPs on graphene, and through stabilization of the surface of SP-HRG-Pd nanocomposites.

This also led to the enhanced dispersibility of as synthesized nanocomposites in aqueous solutions.

The as-prepared SP-HRG-Pd nanocomposites also demonstrated excellent catalytic activity toward

the selective oxidation of aromatic alcohols. Furthermore, in order to study the effect of calcination

temperature and concentration of PdNPs on the catalytic activities of nanocomposites, different sam-

ples of SP-HRG-Pd nanocomposites containing different amounts of Pd using various concentrations

of Pd precursor were prepared and calcined at various temperatures.
� 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Graphene/inorganic nanoparticles based nanocomposites have

attracted tremendous attention as a new class of hybrid materials

(Mahmood et al., 2014; Bonaccorso et al., 2015). The interest of scien-

tific community in these materials has been ever-growing, due to their

peculiarities in combining desirable properties of building blocks for a

given application (Li et al., 2015). The novel catalytic, magnetic and

optoelectronic properties of graphene nanocomposites based on the

hybridization with nanoparticles (NPs) have been exploited in various

applications, including catalysis, electronics, imaging, and energy stor-

age (Navalon et al., 2014; Xia et al.,2014; Luo and Zhi, 2015; Vashist

and Luong, 2015). So far, great efforts have been made to uniformly

combine different varieties of nanomaterials, including metal and

metal oxide NPs with graphene, which significantly enhanced the prop-

erties of these materials due to synergistic effect as result of their com-

bination (Wang et al., 2014; Ullah et al., 2015). Apart from enhancing

the properties of graphene, the NPs also act as stabilizers against the

aggregation of individual graphene sheets, which is greatly caused by

the strong Van der Waals interactions between graphene layers

(Tang et al., 2014). Furthermore, in many cases the intercalation of

metallic NPs with graphene also facilitated the exfoliation of individual

graphene layers from graphite (Gotoh et al., 2011). Therefore, more

efforts and new strategies to synthesize graphene based nanocompos-

ites are indispensable (Zhang et al., 2014b).

The binding of metallic NPs on graphene for the preparation of gra-

phene based nanocomposites is generally categorized by two different

methods (Zhu et al., 2010), (i) the post immobilization (ex situ hybridiza-

tion) and (ii) in situ binding (is situ crystallization). The post immobiliza-

tion involves the mixing of separate solutions of graphene nanosheets

and pre-synthesized or commercially available NPs (Xia et al., 2014).

On the other hand, in situ binding of NPs is carried out via simultane-

ous reduction of respective metallic salts and graphene oxide (GRO)

with various reductants (Bhirud et al., 2015). Commonly, the methods

involving in situ binding of NPs have been widely used due to their cost

effectiveness as they reduce the number of steps to get desire product

(Leng et al., 2014). Several reduction techniques have been applied dur-

ing in situ preparation of graphene nanocomposites, e.g. chemical, ther-

mal and electrochemical. Among them chemical reduction is the most

promising and widely applied method for the large scale production

of graphene metallic NPs based nanocomposites (Stankovich et al.,

2006; Bai and Shen, 2012; Khan et al., 2013b, 2014c, 2015b).

Various nanocomposites have been prepared via in situ chemical

reduction of different metal precursors, such as HAuCl4, AgNO3, K2-

PtCl4, H2PdCl6 by reductants such as hydrazine hydrate, amines, and

NaBH4 (Compton and Nguyen, 2010; Xu et al., 2008; Zhang et al.,

2014a; Han et al., 2013). However, nanocomposites prepared from

chemical methods usually suffer from irreversible aggregations and

poor dispersibility of NPs on the surface of graphene, which require

surface functionalization of the NPs and/or graphene sheets to enhance

processability of these materials (Kuila et al., 2012; Dey et al., 2015).

Furthermore, majority of the chemicals involved during the in situ

reduction and functionalization of nanocomposites are highly toxic

in nature, which are harmful to both environment and human life

(Kuila et al., 2013). In addition, the presence of trace amount of these

highly toxic reducing agents on the surface of the nanocomposites

could seriously alter the properties of these materials and have adverse

effects on their biological applications (Yin et al., 2015).

Recently, the trends of applying green reductants in the synthesis

of nanomaterials have gained popularity (Adil et al., 2015b). For

instance, a variety of green reductants have been applied for the syn-

thesis of metallic NPs, such as plant extracts, vitamin C, amino

acids, ascorbic acid, glucose, bovine serum albumin and microorgan-

isms (Hebbalalu et al., 2013; Nadagouda and Varma, 2007; Bahram

et al., 2014; Khan et al., 2013a; Hulkoti and Taranath, 2014).

Among these green reductants, plant extracts have received signifi-
cant attention due to their cost effectiveness, easy availability and

bulk amounts (Akhtar et al., 2013; Barman et al., 2013). Further-

more, plant extracts not only act as reducing agents but also func-

tion as stabilizing agents, which limit the use of additional

chemical stabilizers (Khan et al., 2014b; Makarov et al., 2014).

Due to this, plant extracts have not only been used for the synthesis

of metallic NPs, but in many cases, they have also been successfully

applied for the reduction of graphene oxide (GRO) (Khan et al.,

2014b). Although a series of metallic NPs have been prepared using

plant extracts as reducing agents, their application in the synthesis of

graphene based nanocomposites has so far been limited (Sedki et al.,

2015).

In our previous study, we have successfully demonstrated a sim-

ple, one-step approach for the preparation of graphene/Ag nanocom-

posites via simultaneous reduction of both graphene oxide (GRO)

and silver ions using Pulicaria glutinosa plant extract (PE) as reduc-

ing agent (Al-Marri et al., 2015). In this study, we demonstrate the

synthesis of catalytically active Pd@graphene (HRG-Pd) nanocom-

posites using Salvadora persica (SP) L. (miswak) extract as a biore-

ductant (cf. Scheme 1). S. persica L. is commonly known as

miswak, which literally means ‘tooth-cleaning stick or chewing stick’

and has been widely used as oral hygiene tool (Almas and Almas,

2014). It is a glabrous tree or shrub belonging to the family Salvado-

raceae and found in many parts of the world (Halawany, 2012;

Fatemeh et al., 2012). The root extract of miswak is rich in various

classes of phytomolecules including terpenoids, alkaloids, flavonoids,

saponins and tannins, which have been known to possess remarkable

reduction properties (Akhtar et al., 2011; Alam et al., 2013). Indeed,

the excellent reducing ability of the root extract of miswak has been

exploited for the first time in our previous study for the reduction of

GRO (Khan et al., 2015a).

Herein, the S. persica L (S. persica L.) root extract (RE) acted as

both reducing agent and in situ functionalization ligand, which

facilitated the binding of Pd NPs onto surface of HRG sheets. The

as-prepared SP-HRG-Pd nanocomposites were characterized by ultra-

violet–visible absorption (UV–Vis) spectroscopy, X-ray powder

diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR),

X-ray photoelectron spectroscopy (XPS), and transmission electron

microscopy (TEM). Furthermore, the HRG-Pd nanocomposites that

are known to possess excellent catalytic activities toward a variety of

organic transformations are tested for the catalytic oxidation of vari-

ous alcohols (Hsu and Chen, 2014l; Herves et al., 2012; Adil et al.,

2015a).
2. Material and method

2.1. Materials used

The roots of S. persica L. growing in Jizan, Southern region
of Saudi Arabia were purchased from a local herbal market
at Batha, Riyadh, Saudi Arabia. A plant taxonomist from
the Herbarium Division of the College of Science, King Saud

University, Riyadh, Saudi Arabia, confirmed the identity of
the plant material. A voucher specimen is retained in our
laboratory with the voucher specimen number KSUHZK-

302. Graphite powder (99.999%, _200 mesh) was purchased
from Alfa Aesar (USA). Palladium (II) Chloride (PdCl2
99.99%, Sigma Aldrich, USA), Concentrated sulfuric acid

(H2SO4 98%), potassium permanganate (KMnO4 99%),
sodium nitrate (NaNO3, 99%) and hydrogen peroxide
(H2O2, 30 wt%) and all organic solvents were obtained from

Aldrich Chemicals (USA) and used without further
purification.



Scheme 1 Schematic illustration of the green synthesis of Pd@graphene (SP-HRG-Pd) nanocomposites using Salvadora persica L. root

extract (RE) as bioreductant. The as prepared nanocomposite is also applied as oxidation catalyst for the transformation of various

alcohols.
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2.2. Preparation of S. persica L. root (miswak) extract

First, fresh roots of S. persica L. were cut into small pieces (�5
to 35 mesh). These pieces (1.3 kg) were soaked in deionized

water (3000 mL) and refluxed for 4 h. The aqueous solution
obtained after reflux was filtered and dried at 50 �C under
reduced pressure in a rotary evaporator to give a dark brown-

ish gummy extract (30.0 g) which was stored at 0–4 �C for fur-
ther use.

2.3. Preparation of Pd@graphene nanocomposite (SP-HRG-
Pd-1)

Graphite oxide (GO) used for the preparation of SP-HRG-Pd-
1 was synthesized according to our previously reported method

(Khan et al., 2014a). Initially, as-prepared graphite oxide or
GO (200 mg) was dispersed in 40 mL of DI water and soni-
cated for 30 min to obtain graphene oxide (GRO) sheets.

The resulting suspension was taken in a round bottom flask
and was added to 100 mg (0.563 mmol) of PdCl2. The flask
was mounted with a cooling condenser, which is heated to

100 �C. Subsequently, 10 mL of an aqueous solution of the
root extract (0.1 g mL�1) was added to the suspension, which
was then allowed to stir for 24 h at 98 �C. Afterward the result-
ing black powder of (SP-HRG-Pd-1) was collected by filtra-

tion, and further washed with DI water several times to
remove excess root extract residue and redistributed into water

for sonication. This suspension was centrifuged at 4000 rpm
for another 30 min. The final product was collected by vacuum
filtration and dried in vacuum. The obtained catalyst was cal-
cined at different temperatures such as 300 �C, 400 �C, 500 �C
which was subjected to catalytic evaluation for the conversion
of benzyl alcohol to benzaldehyde.

2.4. Evaluation of catalytic performance

In a typical reaction, 300 mg of catalyst was loaded in a glass
flask pre-charged with 0.2 mL (2 mmol) benzyl alcohol in

10 mL toluene as solvent; the mixture was then heated to
100 �C with vigorous stirring. Oxygen was bubbled at a flow
rate of 20 mL min�1 into the mixture once the reaction temper-

ature was attained. After reaction, the solid catalyst was sepa-
rated by centrifugation and the liquid samples were analyzed
by gas chromatography to evaluate the conversion of the
desired product by (GC, 7890A) Agilent Technologies Inc,

equipped with a flame ionization detector (FID) and a
19019S-001 HP-PONA column.

2.5. Characterization

A Perkin Elmer lambda 35 (USA) UV–vis spectrophotometer
was used for the optical measurements. The analysis was
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performed in quartz cuvettes using DI water as a reference
solvent. Stock solutions of SP-HRG-Pd-1 and GRO for the
UV measurements were prepared by dispersing 5 mg of sample

in 10 mL of DI water and sonicating for 30 min. The UV sam-
ples of GRO and SP-HRG-Pd-1 were prepared by diluting
1 mL of stock solution with 9 mL of water.

XRD diffractograms were collected on a Altima IV
[Rigaku, Japan] X-ray powder diffractometer using Cu Ka
radiation (k= 1.5418�A).

Transmission electron microscopy (TEM) was performed
on a JEOL JEM 1101 (USA) transmission electron micro-
scope. The samples for TEM were prepared by placing a drop
of primary sample on a holey carbon copper grid and drying

for 6 h at 80 �C in an oven.
Fourier transform infrared spectrometer (FT-IR) spectra

were measured on a Perkin–Elmer 1000 (USA) Fourier

transform infrared spectrometer. In order to remove any
free biomass residue or unbound extract to the surfaces of
SP-HRG-Pd-1 sheets, the SP-HRG-Pd nanosheets were

washed repeatedly with distilled water, and then the product
was centrifuged at 9000 rpm for 30 min and dried. The purified
SP-HRG-Pd nanosheets were mixed with KBr powder and

pressed into a pellet for measurement. Background correction
was made using a reference blank KBr pellet.

X-ray photoelectron spectroscopy (XPS) spectra were
measured on a PHI 5600 Multi-Technique XPS (Physical

Electronics, Lake Drive East, Chanhassen, MN) using
monochromatized Al Ka at 1486.6 eV. Peak fitting was
performed using the CASA XPS Version 2.3.14 software.
3. Results and discussion

The excellent reducing ability of S. persica L. root extract is

exploited for the environmental friendly synthesis of catalyti-
cally active Pd@graphene (SP-HRG-Pd) nanocomposites.
The synthesis of nanocomposite is carried out in a single step

via simultaneous reduction of GRO and PdCl2 under facile
conditions using S. persica L. RE as both reducing as well as
stabilizing agent. During the synthesis, the root extract added

to the aqueous dispersion of GRO and PdCl2 is allowed to stir
under reflux conditions for several hours. The gradual color
change from dark brown to black observed during the process
indicated the formation of Pd@graphene (SP-HRG-Pd)

nanocomposites.
Usually, graphene based nanocomposites synthesized by

chemical methods suffer from poor dispersibility due to the

removal of oxygen containing functional groups during the
reduction process. However, the phytomolecule contents of
the root extract, including flavonoids and terpenoids facilitates

the stabilization of the surfaces of SP-HRG-Pd nanocomposite
and enhanced its dispersibility. Furthermore, these phyto-
molecules not only help to enhance the dispersibility of the
nanocomposites but also contribute to the homogeneous dis-

tribution of the Pd NPs on the surface of the graphene
nanosheets. This has a significant effect on the catalytic activ-
ity of the as-prepared nanocomposite. Additionally, to study

the effect of the concentration of Pd NPs on the catalytic activ-
ities of SP-HRG-Pd nanocomposites, different samples are
prepared by varying the concentration of Pd NPs on the sur-

face of HRG. For instance, SP-HRG-Pd-1 and 2 are prepared
by taking 50 and 75 wt% of PdCl2 with those of GRO,
whereas the amount of RE was kept constant during this
process.

3.1. UV–Vis spectroscopy

The initial monitoring of the formation of SP-HRG-Pd was
carried out by measuring the UV–Vis spectra of GRO, root

extract, PdCl2 and SP-HRG-Pd-1 as shown in Fig. 1. The
GRO has typically two absorption bands at �230 and
�301 nm, whereas PdCl2, has a characteristic absorption band

at �420 nm. The disappearance of these bands in the UV spec-
trum of SP-HRG-Pd-1 and an emergence of new band at
�280 nm, which is the characteristic band of highly reduced

graphene oxide (HRG) (Khan et al., 2014a), clearly point
toward the simultaneous reduction of both GRO and PdCl2
and also indicate the formation of nanocomposite. Addition-
ally, the root extract mediated reduction product (SP-HRG-

Pd-1) exhibited an extra absorption band at �323 nm (Fig. 1
red line), which is due to the RE phytomolecules bound to
the SP-HRG-Pd nanocomposites surfaces as confirmed by

comparing the absorption spectra of SP-HRG-Pd-1 and pure
RE.

3.2. X-ray diffraction (XRD)

The formation of SP-HRG-Pd -1 and the crystallinity of the
nanocomposite were further confirmed by XRD analysis.
For this purpose, XRD patterns of pure graphite, graphene

oxide and SP-HRG-Pd-1 were measured (cf. Fig. 2). Pristine
graphite showed a characteristic intense reflection at 26.4�,
which is shifted to the lower brag angle in GRO at 10.9� during
the course of oxidation of graphite. However, the disappear-
ance of the reflection at 10.9� corresponding to the GRO
and the appearance of a broad reflection centered at �22.4�
in SP-HRG-Pd-1 confirm the reduction of GRO and also
point toward the formation of few layer graphene (45). More-
over, the XRD pattern of SP-HRG-Pd-1 also exhibited distinct

reflections at 40.02� (111), 46.49� (200), 68.05� (220), 81.74�
(311) and 86.24� (222), apart from other weak reflections.
The presence of these reflections confirms the formation of
Pd nanoparticles. Further indexing of these reflections reveals

the face centered cubic (fcc) structure of Pd NPs on the surface
of HRG (JCPDS: 87-0641, space group: Fm3m (225)).

3.3. Fourier transforms infrared spectrometer (FT-IR)

The simultaneous reduction of GRO and PdCl2, their synthesis
and surface stabilization of SP-HRG-Pd nanocomposites are

also confirmed by FT-IR analysis. Fig. 3 shows the FT-IR
spectra of GRO, SP-HRG-Pd-1 and pure S. persica L. RE.
Commonly the reduction of GRO is confirmed by the reduced

intensities of the IR peaks in the FT-IR spectra of graphene,
which is caused by the removal of the oxygen containing func-
tional groups. In the case of SP-HRG-Pd-1, the bands at
�1740 cm�1 (for C‚O stretching) and �1630 cm�1 (for

C‚C stretching) belonging to the GRO disappeared. In addi-
tion, there was relative decrease in the intensities of some of the
prominent bands of GRO, such as a broad band at around

3440 cm�1 for hydroxyl groups, confirmed the reduction of
GRO. Furthermore, in order to confirm the presence of the
phytomolecules of the root extract (RE) on the surface of



Figure 1 UV–Vis absorbance spectra of Pd@graphene nanocomposite 50 wt% (SP-HRG-Pd-1), graphene oxide (GRO), pure S. persica

L. RE (SP) and PdCl2 salt.

Figure 2 XRD patterns of graphite (blue), graphene oxide (GRO) (green), RE mediated Pd@graphene nanocomposite 50 wt% (SP-

HRG-Pd-1) (orange).
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SP-HRG-Pd-1 as stabilizers, its IR spectrum is compared with
that of the pure RE. This revealed that, a majority of the IR

peaks belonging to the root extracts also present in the FT-
IR spectrum of the SP-HRG-Pd-1. These peaks are either pre-
sent at the same positions or slightly shifted. For instance, the

presence of the bands at �2921 cm�1, �2849 cm�1, 1698 cm�1

and 1122 cm�1 in SP-HRG-Pd-1, which also appear in IR
spectrum of root extract but are absent in GRO strongly sug-

gests that the phytomolecules of miswak root extract act not
only as bioreductant, but also act as stabilizers on the surface
of the SP-HRG-Pd-1 sheets.
3.4. X-ray photoelectron spectroscopy (XPS)

Surface composition of SP-HRG-Pd was investigated via
X-ray photoelectron spectroscopy (XPS). Fig. 4 shows a
low-resolution spectrum over the whole binding energy (a)

and a high-resolution spectrum of the carbon (b) and Pd (c)
signal. The surface is composed of mainly carbon and oxygen,
as expected for the RE. The Pd 3d signal at 336 eV confirms

the existence of Pd on the RE. Remaining signals of low
intensity can be attributed to nitrogen, usually found adsorbed
on the sample surface and chloride from unreacted PdCl2.



Figure 3 FT-IR spectra of graphene oxide (GRO), RE-mediated Pd@graphene nanocomposite 50 wt% (SP-HRG-Pd1) and

pure S. persica L. RE.

Figure 4 XPS spectra of Pd@graphene nanocomposite. Low-resolution spectrum over whole binding energy range (a), high-resolution

spectrum of carbon signal (b) and Pd signal (c).
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High-resolution analysis of the carbon signal reveals it to con-
sist of four distinct peaks at 284.4, 286.4, 287.6 and 288.8 eV,
which can be attributed to CAC, CAO, C‚O and OAC‚O

groups respectively. The low intensity of the CAO signal con-
firms the successful reduction to HRG (Khan et al., 2014a).
The Pd signal consists of two doublets, originating from SP-

HRG-Pd and unreacted PdCl2. Intensity of both signals is
about the same, showing that 50% of applied PdCl2 reacted
to form SP-HRG-Pd.

3.5. Raman spectra

Furthermore, the presence of highly reduced graphene in the

SP-HRG-Pd composite is also confirmed by the Raman anal-
ysis. For this purpose, the Raman spectrum of SP-HRG-Pd-1
is compared with that of GRO, as shown in Fig. 5. Generally,
graphene exhibits two main peaks in the Raman spectrum, the

G and D bands at 1575 and 1350 cm�1, respectively. However,
in GRO, the G and the D bands are shifted and appear at 1602
and 1340 cm�1, respectively, due to the destruction of the sp2

character by the extensive oxidation (Gurunathan et al.,
2013). After the reduction with S. Persica L. root extract these
Figure 5 Raman spectra of graphene oxide (GRO) and

Pd@graphene nanocomposites (SP-HRG-Pd).

Figure 6 Transmission electron microscopic (TEM) images of the

images, which confirm the crystallinity of the composite.
bands are relocated toward their ideal positions. For instance,
the G band in SP-HRG-Pd is shifted by �10 cm�1 from 1602
to 1592 cm�1, whereas a slight shift was observed in the D

band from 1340 to 1336 cm�1. These changes in the Raman
spectrum of SP-HRG-Pd after the reduction clearly points
toward the reduction of GRO in the composite.

3.6. Transmission electron microscopy (TEM)

The morphology and the structure of Pd NPs on the surface of

HRG in the SP-HRG-Pd composite are analyzed via transmis-
sion electron microscopy (TEM). The overview image in
Fig. 6a shows the presence of small and spherical shape Pd

NPs on the surface of HRG, whereas the magnified images
in Fig. 6b and c further confirm the shape and crystallinity
of these NPs. The Pd NPs are not adsorbed chemically, but
are held via physisorption on the surface of graphene by Van

der Waals interactions. Furthermore, the elemental composi-
tion of the as-synthesized SP-HRG-Pd composite was also
determined via EDX, as shown in Fig. 7. The presence of both

HRG and Pd NPs is clearly indicated in the spectrum, together
with other elements including carbon and oxygen. This also
indicates the presence of residual phytomolecules of the plant

extract as capping ligands on the surfaces of the NPs.

3.7. Catalytic application of SP-HRG-Pd nanocomposites

In order to comprehend the amount of Pd NPs on graphene,

which can be suitable for catalytic performance, catalysts are
synthesized with varying amount of Pd NPs supported on gra-
phene, which were 50 wt% (SP-HRG-Pd-1) and 75 wt% (SP-

HRG-Pd-2) of graphene. Calcination temperatures play an
important role in the catalytic performance of the synthesized
material, which is confirmed in our previous study (Alabbad

et al., 2014). Therefore, the as synthesized catalysts are cal-
cined at different temperatures such as 300 �C, 400 �C and
500 �C before being subjected to the catalytic evaluation stud-

ies. When the catalyst SP-HRG-Pd-1 (50 wt%) calcined at
300 �C employed for the conversion of benzyl alcohol to ben-
zaldehyde, only 24.08% conversion is observed after one hour,
and a maximum of 96.64% conversion is obtained upon con-

tinuation of the reaction for almost three hours.
SP-HRG-Pd composite (a) overview and (b) magnified HRTEM



Figure 7 Energy dispersive X-ray spectrum (EDX) of as-synthesized SP-HRG-Pd composite confirming the presence of Pd NPs together

with HRG.
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However, when the same catalyst is calcined at tempera-

tures 400 �C and 500 �C, a 100% conversion of product is
obtained. Furthermore, it is observed that the catalyst cal-
cined at 400 �C, gave after 3 mins of reaction time a 35%

conversion while a 100% conversion was observed after
15 min. The 500 �C calcined catalyst yielded similar conver-
sion in 45 min. Hence, it can be concluded that the catalyst

calcined at 400 �C displays best catalytic performance. The
catalyst SP-HRG-Pd-2 is also subjected to similar studies,
where it is calcined at different temperatures such as
300 �C, 400 �C and 500 �C and then tested for the conversion

of benzyl alcohol to benzaldehyde (cf. Fig. 8). It is found that
the all catalysts, i.e. calcined at different temperatures,
Figure 8 Graphical illustration of conversion vs time for the c

temperatures.
yielded 100% conversion, however the time taken for such

conversion is different. For instance, the reaction is com-
pleted in 135 min, 30 min and 60 min for the catalyst calcined
at 300 �C, 400 �C and 500 �C, respectively. Hence, from the

comparison of the results obtained by using both the catalyst
compositions, it is confirmed that the catalyst calcined at
400 �C displayed best catalytic performance with both cata-

lysts. Since the graphene support is employed in order to
reduce the metal loading in the catalyst, SP-HRG-Pd-1, the
catalyst with less percentage of Pd (i.e. 50% w/w of
graphene), calcined at 400 �C, is selected for further studies.

A graphical illustration of the results obtained is given in
Fig. 8.
atalyst SP-HRG-Pd-1 and SP-HRG-Pd-2 calcined at different
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To further investigate the catalytic performance of the
above mentioned catalyst toward various substrates, the cata-
lyst SP-HRG-Pd-1 calcined at 400 �C was employed for oxida-

tion of a series of substituted benzyl alcohols, containing
4ACH3, 4AOCH3, 4ACl, 4ANO2, 4AC(CH3)3, 4ACF3 and
3ANO2 groups. All reactions were carried out under similar

set of conditions for the conversion to corresponding aldehyde
product. It is observed that conversion product obtained var-
ied from 2% to 100% and the time from 15 to 60 min. In order

to study the activity of the same catalyst toward aliphatic alco-
hols, citronellol, an aliphatic alcohol, is subjected to oxidation
reaction using the catalyst SP-HRG-Pd-1 calcined at 400 �C
Table 1 Selective oxidation of benzyl alcohol and its deriva-

tives into corresponding aldehydes in the presence of O2 as

clean oxidant.

R. no. Reactants Products Time

taken

(min)

Conversion

(%)

Selectivity

(%)

1

OH O

15 100 >99

2

CH3

OH

CH3

HO

15 100 >99

3

F F
F

OH

F F
F

HO

30 100 >99

4

Cl

OH

Cl

HO

60 50.2 >99

5

OH

OH

OH

HO

60 43.5 >99

6

OCH3

OH

OCH3

O H

60 30 >99

7

OH O H

60 20.3 >99

8

NO2

OH

NO2

O H

60 2.03 >99
under similar reaction conditions. No oxidation product is
observed, which indicates that the catalyst is highly selective
toward the oxidation of aromatic alcohols. These results are

summarized in Table 1.

4. Conclusion

In this study, we have successfully demonstrated a green approach for

the synthesis of catalytically active Pd@graphene nanocomposites (SP-

HRG-Pd) using S. persica L. RE (miswak) as a bioreductant. Using

this method, crystalline and spherical-shaped Pd NPs, homogeneously

distributed on the surface of graphene without using any harmful

reducing or capping agents are formed. Due to the enhanced dis-

persibility of the SP-HRG-Pd nanocomposites by the stabilization of

the phytomolecules of the RE, the as-prepared nanocomposites have

demonstrated excellent catalytic activities toward the oxidation of var-

ious aromatic alcohols. The detailed catalytic studies of SP-HRG-Pd

nanocomposites at different calcination temperatures revealed that

both nanocomposites exhibited oxidation property. However, the

SP-HRG-Pd-1, the catalyst with less percentage of Pd (i.e. 50% w/w

of graphene), calcined at 400 �C, is explored for further studies and

exhibited excellent catalytic activity for the oxidation of various alco-

hols, displaying selectivity toward aromatic alcohols. Therefore, the

eco-friendly approach for the synthesis of graphene metallic NPs based

nanocomposites can be easily exploited for the large-scale synthesis of

graphene-based nanocatalysts that have potential applications in vari-

ous organic transformations including oxidation.
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