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Abstract: Nanosized palladium particles were synthesized using palladium(II) chloride, trisodium citrate dihydrate, and
sodium borohydride under stirring condition. Nanosized palladium-graphene composites were prepared from palladium
nanoparticles, and graphene was enclosed with polyallylamine under stirring condition for 1 h followed by ultrasonication
for 3 h. Nanosized palladium-graphene composites were heated in an electric furnace at 700 °C for 2 h and characterized
by X-ray diffraction, scanning electron microscopy, and transmission electron microscopy. UV-vis spectrophotometry was
used to evaluate the nanosized palladium-graphene composites as a catalyst in the photocatalytic degradation of various
organic dyes such as methylene blue, methyl orange, rhodamine B, and brilliant green under ultraviolet light at 254 nm.
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Introduction
Palladium is a well-known metal with promising potential
applications and high catalytic activity on account of its
hydrogen adsorption properties.1 Palladium-based catalysts
have been used for cross-coupling reactions and powerful
methods for the creation of new carbon-carbon bonds.2,3
Graphene is rising as a new type of carbon material that
was first prepared by mechanical exfoliation from graphite
in 2004, and as a new type of support substrates for functional nanosized materials.4-6 Graphene is a two-dimensional
free-standing substance with a single-layer structure that has
become one of the most popular topics in the fields of chemistry, biochemistry, nanotechnology, physics, and materials
science.7 The combination of graphene with nanosized metal
particles has been performed many times in research over the
last decade owing to their novel optical, catalytic, mechanical, and electronic properties.6,8 Graphene has also attracted
a lot of attention as a single layer of sp2-bonded carbon with
zero band gap compacted into a two-dimensional honeycomb
structure.9-11 Among the nanosized composites, graphene can
work as a high-performance supporting material because
of its two-dimensional structure; therefore, it has various
†
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applications in fields like photocatalysis, sensing, and
optics.5-7,9,11-17
Nanosized metal particles can be dispersed homogeneously
on the plane of graphene, and charge transfer at the interface
of these hybrid materials can provide a synergistic effect
inducing properties that are dissimilar from those of each
individual component.13,18-21 Therefore, in this study, the photocatalytic activity of nanosized palladium-graphene composites was evaluated in the degradation of organic dyes
methylene blue (MB), methyl orange (MO), rhodamine B
(RhB), and brilliant green (BG) using a UV-vis spectrophotometer under ultraviolet light at 254 nm. The nanosized palladium-graphene composites were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). The purpose of
this study was to research the kinetics of photocatalytic degradation of organic dyes by nanosized palladium-graphene
composites.

Experimental
1. Materials
Palladium(II) chloride (PdCl2) was purchased from Kojima
Chemicals Co., Ltd. Sodium borohydride (NaBH4), sodium
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chloride (NaCl), and ammonium hydroxide (NH4OH) were
obtained from Samchun Chemicals. Poly(allylamine hydrochloride) and organic dyes (MB, RhB, MO, and BG) were
supplied by Sigma-Aldrich.
2. Graphene-polyallylamine hydrochloride (PAH)
To a beaker containing 50 mL of distilled water, 0.5 g of
PAH and 0.5 mol of NaCl solution were added. The pH value
of the solution was adjusted to 9.5 by adding a 0.5 M
NH4OH solution. To the PAH solution, 10 mg of graphene
was added and then stirred for 1 h, followed by ultrasonication for 3 h. The graphene-PAH mixture in distilled water
was prepared by stirring and ultrasonication.
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posites were placed in separated 10 mL vials containing 10
mL of the aqueous organic dye solutions. Each vial was irradiated under light at a wavelength of 254 nm by a UV lamp.
The degradation of the organic dyes by the photocatalyst was
analyzed by a UV-vis spectrophotometer (Shimadzu UV1691PC).
6. Kinetics study for the photocatalytic degradation of
organic dyes
Kinetics data for the photocatalytic degradation of organic
dyes MB, MO, RhB, and BG with nanosized palladiumgraphene composites were measured, and then the regression
analysis of the kinetics data was performed using the software package Microsoft Excel (version 2010).

3. Preparation of the nanosized palladium particles

Results and Discussion
In a beaker, 10 mL of 0.1 M trisodium citrate dihydrate
(Na3C6H5O7·2H2O) and 0.05 M PdCl2 solutions were mixed.
Subsequently, 0.015 mol of NaBH4 was added to the solution
with constant stirring. The mixture of Na3C6H5O7, PdCl2, and
NaBH4 with a molar ratio of 2:1:0.3 in the solution was
stirred for 10 min to provide nanosized palladium particles.
4. Preparation of the nanosized palladium-graphene composites

1. SEM and TEM analysis
Figure 1 presents a typical SEM image of the nanosized
palladium-graphene composites. The image reveals salt-like
particles with a hexahedral shape. The TEM image shows
that the nanosized palladium-graphene composites are spherical with a mean diameter of 50 nm (Figure 2).
2. XRD analysis

To 20 mL of the suspension of nanosized palladium particles, 20 mL of the graphene-PAH mixture was added. After
leaving the mixture for 1 h, the suspension was centrifuged
to separate the product from the solution as a precipitate. The
precipitated product was dried at 60 °C. The synthesized
nanocomposites were confirmed by XRD (Bruker, D8
Advance). The surface shape of the nanosized palladiumgraphene composites was observed by SEM (JEOL Ltd.,
JSM-6510) at an accelerating voltage of 0.5 to 30 kV. The
morphology and size of the crystal product were confirmed
by TEM (JEOL Ltd., JEM-2010) at an acceleration voltage
of 200 kV.

The nanosized palladium-graphene composites were analyzed by XRD (Figure 3). Samples of the as-prepared nanosized palladium-graphene composites were calcined at 700 °C

5. Evaluation of the photocatalytic activity of nanosized
palladium-graphene composites
The nanosized palladium-graphene composites were used
as a photocatalyst to test the degradation of organic dyes MB,
MO, RhB, and BG. The nanosized palladium-graphene com-

Figure 1. SEM image of heated nanosize palladium-graphene
composites.
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3. UV-vis spectroscopy analysis of the nanosized palladiumgraphene composites as a photocatalyst
Figure 4 shows the photocatalytic performance of nanosized palladium-graphene composites. In the present study,
the UV-vis spectra were used to examine the photocatalytic
degradation of (a) MB, (b) MO, (c) RhB, and (d) BG with
nanosized palladium-graphene composites under ultraviolet
irradiation at 254 nm for 10 min.
4. Evaluation of kinetics for photocatalytic degradation of
various organic dyes
Figure 2. TEM image of heated nanosize palladium-graphene
composites.

for 2 h in an electric furnace. The nanosized palladiumgraphene composites showed a 2θ value of 26.7° and were
assigned to the (002) owing to the nanosized graphene particles. Five diffraction peaks at 2θ of 40.12°, 47.56°, 68.48°,
82.59°, and 87.68° in Figure 3 were indexed to the (111),
(200), (220), (311), and (222) crystallographic planes of the
nanosized palladium particles, respectively (JCPSD44-1159).

Figure 5 reveals that the degradation curves of organic
dyes in the presence of nanosized palladium-graphene composites followed a pseudo-first-order reaction rate law. This
meant that the rate of degradation was substantially constant.
The order of the kinetics of the photocatalytic degradation of
the organic dyes was BG > MB > RhB > MO.

Conclusion
Nanosized palladium-graphene composites were synthe-

Figure 3. XRD pattern heated nanosize palladium-graphene composites.
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Figure 4. UV-vis spectra of photocatalytic degradation (a) methylene blue, (b) methyl orange, (c) rhodamine B and (d) brilliant green
using nanosize palladium-graphene composites.

sized from graphene-PAH and nanosized palladium particles.
The nanosized palladium-graphene composites were dehydrated in a drying oven at 60 °C. XRD data confirmed the

product to be nanosized palladium-graphene composites.
SEM showed that the nanosized palladium-graphene composites were in the form of salt-like particles with a hexa-
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Figure 4. Continued

hedral shape. TEM showed that the nanosized palladiumgraphene composites had a spherical shape with a mean size
of 50-70 nm. In addition, the nanosized palladium-graphene
composites were synthesized to be used as a photocatalyst for

the degradation of MB, MO, RhB, and BG under UV light
at 254 nm. Kinetics analysis indicated a first-order kinetics
equation for the photocatalytic degradation of MB, MO,
RhB, and BG. The order of the kinetics of the photocatalytic
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Figure 5. The kinetics of photocatalytic degradation of methylene blue (◆), methyl orange (■), rhodamine B (▲) and brilliant green
(Ｘ) with nanosize palladium-graphene composites.

degradation of the organic dyes was BG > MB > RhB > MO.
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