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We have developed an efficient method to generate highly active Pd nanoparticles supported on graph-
ene (Pd/G) by microwave-assisted chemical reduction of the corresponding aqueous mixture of a palla-
dium salt and dispersed graphite oxide (GO) sheets. The Pd/G demonstrated excellent catalytic activity
for the carbon–carbon cross-coupling reactions (Suzuki, and Heck) with a broad range of utility under
ligand-free ambient conditions in an environmentally friendly solvent system. It also offers a remarkable
turnover frequency (108,000 h�1) observed in the microwave-assisted Suzuki cross-coupling reactions
with easy removal from the reaction mixture, recyclability with no loss of activity, and significantly bet-
ter performance than the well-known commercial Pd/C catalyst. The catalyst was fully characterized by a
variety of spectroscopic techniques including X-ray diffraction (XRD), Raman, TGA, electron microscopy
(SEM, TEM), and X-ray photoelectron spectroscopy (XPS). The remarkable reactivity of the Pd/G catalyst
toward Suzuki cross-coupling reactions is attributed to the high degree of the dispersion and concentra-
tion of Pd(0) nanoparticles supported on graphene sheets with small particle size of 7–9 nm due to an
efficient microwave-assisted reduction method.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Graphene’s unique hexagonal atomic layer structure and unu-
sual properties, including the highest electron mobility of all
known materials at room temperature, has motivated the develop-
ment of new composite materials for nanoelectronics, supercapac-
itors, batteries, photovoltaics, and related devices [1–11]. However,
other properties of graphene such as high thermal, chemical, and
mechanical stability as well as high surface area also represent
desirable characteristics as 2D support layers for metallic and
bimetallic nanoparticles in heterogeneous catalysis, fuel cells,
chemical sensors, and hydrogen storage applications [12–23].

Recent advances in the production of graphene sheets through
the reduction of exfoliated graphite oxide (GO) have provided effi-
cient approaches for the large-scale production of chemically con-
verted graphene (CCG) sheets, which can be readily used as a
catalyst support [24–28]. One of the catalytic applications in which
graphene support may provide some significant advantages is in
the area of cross-coupling chemistry [29,30]. Palladium-catalyzed
cross-coupling reactions have been of strategic importance in or-
ganic synthesis since their discovery in the 1970s [29–33]. These
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reactions have been extensively used for the assembly of complex
organic molecules for a wide variety of applications with consider-
able impact on the chemical and pharmaceutical industries
[29–33]. Due to their broad applicability for C–C bond formation,
enormous interest continues in this area with more focus directed
toward developing more efficient and recyclable catalysts that
allow for industrial applications within environmentally benign
processes.

Cross-coupling reactions have typically been performed under
homogeneous conditions employing a ligand to enhance the cata-
lytic activity and selectivity for specific reactions [29–33]. How-
ever, the issues associated with homogeneous catalysis remain a
challenge to pharmaceutical applications of these synthetic tools
due to the lack of recyclability and potential contamination from
residual metals in the reaction product [34,35]. In order to address
this issue, a significant effort has been made to advance the devel-
opment of cross-coupling catalysts where the palladium is fixed to
a solid support such as activated carbon [36,37], zeolites [38,39],
polymers [40,41], or nanoparticles [42–46]. Although heteroge-
neous supports allow efficient recycling, a decrease in the activity
of the immobilized catalysts is frequently observed [47,48]. There-
fore, the development of heterogeneous Pd nanocatalysts that
combine high activity, stability, and recyclability is an important
goal of nanomaterials research that is likely to have a considerable
impact on the chemical and pharmaceutical industries in the
future.

http://dx.doi.org/10.1016/j.jcat.2010.12.003
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Only recently have graphene (G) and graphite oxide (GO) been
considered as potential support systems for palladium-catalyzed
C–C coupling applications [49]. Because of the higher specific sur-
face area (1500 m2/g, theoretical value 2600 m2/g)2 and thermal
stability of graphene when compared to graphite oxide (surface
area 200–400 m2/g), G-based nanocatalysts might be expected to
exhibit superior activity compared to GO-based catalysts [5,6].
We hypothesized that the preparation of these materials may play
a critical role in the catalytic activity for specific synthetic applica-
tions. For this reason, we chose to evaluate the cross-coupling
activity of Pd/G nanomaterials prepared by a procedure developed
in our group. In this paper, we report on the excellent catalytic
activity and stability of palladium nanoparticles supported on
graphene (Pd/G) as a catalyst for both Suzuki and Heck C–C cou-
pling reactions. Furthermore, we have obtained valuable insights
from X-ray photoelectron spectroscopy (XPS) studies into the crit-
ical parameters that affect heterogeneous cross-coupling catalytic
activity in these specific applications. We hope that this work pro-
vides a significant step toward the development of clean technolo-
gies for organic synthesis.

In the present work, the Pd/G nanocatalysts were prepared
using the recently reported microwave irradiation (MWI) method
[28]. MWI has been demonstrated for the synthesis of a variety
of nanomaterials including metals, metal oxides, bimetallic alloys,
and semiconductors with controlled size and shape without the
need for high temperature or high pressure [50–54]. The main
advantage of MWI over other conventional heating methods is that
the reaction mixture is heated uniformly and rapidly. This has been
demonstrated for the acceleration of homogeneous catalysis in or-
ganic synthesis [55]. Due to the difference in the solvent and reac-
tant dielectric constants, selective dielectric heating can provide
significant enhancement in the transfer of energy directly to the
reactants, which causes an instantaneous internal temperature rise
[55]. This temperature rise in the presence of hydrazine hydrate as
a reducing agent has provided a facile and efficient method by
which palladium ions and GO can be effectively reduced into a dis-
persion of metallic nanoparticles supported on the large surface
area of the graphene sheets. The reduction of GO by hydrazine hy-
drate under MWI proceeds by rapid deoxygenation of GO to create
C–C and C@C bonds [24–28]. Unlike conventional thermal heating,
MWI allows better control of the extent of GO reduction by hydra-
zine hydrates as both the MWI power and time can be adjusted to
yield a nearly complete concurrent reduction of GO and the palla-
dium salt. In contrast, the corresponding palladium supported on
graphite oxide sheets (Pd/GO) catalyst was prepared by the micro-
wave-assisted deposition of palladium nitrate in a GO dispersion
without the addition of hydrazine hydrate. In this case, the temper-
ature rise during MWI causes subsequent supersaturation and
nucleation to form Pd nanoparticles supported on the GO sheets.
2. Experimental

2.1. Materials and methods

High-purity graphite powder (99.9999%, 200 mesh) was pur-
chased from Alfa Aesar. Palladium nitrate (10 wt.% in 10 wt.%
HNO3, 99.999%) and hydrazine hydrate were obtained from Sigma
Aldrich. Aryl bromide and chloride, potassium carbonate, aryl-
substituted boronic acid, and olefins were also purchased from Al-
drich and used as received. A mixture of ethanol/deionized water
was used for the Suzuki and Heck cross-coupling reactions.

TEM images were obtained using a JEOL JEM-1230 electron
microscope operated at 120 kV equipped with a Gatan UltraScan
4000SP 4 K � 4 K CCD camera. Samples for TEM were prepared
by placing a droplet of a colloid suspension in toluene on a Formvar
carbon-coated, 300-mesh copper grid (Ted Pella) and allowed to
evaporate in air at room temperature. The small-angle X-ray dif-
fraction (SA-XRD) patterns were measured at room temperature
with an X’Pert Philips Materials Research Diffractometer using
the Cu KaR radiation. Scanning electron microscopy (SEM) and en-
ergy-dispersive X-ray spectroscopy (EDS) were carried out using a
Quantum DS-130S Dual Stage Electron Microscope. The morphol-
ogy of the graphene sheets was examined by an atomic force
microscope (Nano-Scope IIIa, Digital Instruments) using tapping
mode. The thermal gravimetric analysis was carried out on a TGA
Q5000 from TA instruments. The Raman spectra were measured
using an excitation wavelength of 457.9 nm provided by a Spec-
tra-Physics model 2025 argon ion laser. The laser beam was fo-
cused to a 0.10-mm-diameter spot on the sample with a laser
power of 1 mW. The samples were pressed into a depression at
the end of a 3-mm-diameter stainless steel rod, held at a 30 degree
angle in the path of the laser beam. The detector was a Princeton
Instruments 1340 � 400 liquid nitrogen CCD detector, attached
to a Spex model 1870 0.5 meter single spectrograph with
interchangeable 1200 and 600 lines/mm holographic gratings
(Jobin–Yvon). The Raman scattered light was collected by a Canon
50 mm f/0.95 camera lens. Though the holographic gratings pro-
vided high discrimination, Schott and Corning glass cut-off filters
were used to provide additional filtering of reflected laser light,
when necessary. The X-ray photoelectron spectroscopy (XPS) anal-
ysis was performed on a Thermo Fisher Scientific ESCALAB 250
using a monochromatic Al KR X-ray. GC–MS analyses were per-
formed on Agilent 6890 gas chromatograph equipped with an Agi-
lent 5973 mass selective detector. A CEM Discover microwave
instrument was used for cross-coupling reactions. The reactions
were performed at operator selectable power output of 250 W.
1H and 13C NMR were acquired on a Mercury 300 MHz spectrome-
ter. High-resolution mass spectrometry analyses were obtained
from the Virginia Commonwealth University mass spectrometry
facilities.

2.2. Synthesis of Pd/G and Pd/GO nanoparticles

In the experiments, GO was prepared by the oxidation of high-
purity graphite powder (99.9999%, 200 mesh) with H2SO4/KMnO4

according to the method of Hummers and Offeman [56]. After re-
peated washing of the resulting yellowish-brown cake with hot
water, the powder was dried at room temperature under vacuum
overnight. For the preparation of Pd/G, 0.1 g of the dried GO and
an appropriate amount of palladium nitrate (10 wt.% in 10 wt.%
HNO3, 99.999%) were sonicated in deionized water until a homoge-
neous yellow dispersion was obtained. The solution was placed in-
side a conventional microwave after adding 100 ll of the reducing
agent hydrazine hydrate (HH). The microwave oven (Emerson
MW8119SB) was then operated at full power (1000 W),
2.45 GHz, in 30-s cycles (on for 10 s, off and stirring for 20 s) for
a total reaction time of 60 s. The yellow solution of Pd nitrate-GO
changed to a black color, indicating the completion of the chemical
reduction to graphene. The Pd/G sheets were separated by using an
Eppendorf 5804 centrifuge operated at 5000 rpm for 15 min and
dried overnight under vacuum. The same method was also used
for the preparation of Pd/GO except that no HH was added during
the MWI.

2.3. General procedure for Suzuki reactions

Aryl bromide (0.51 mmol, 1 eq.) was dissolved in a mixture of
8 mL H2O:EtOH (1:1) and placed in a 35-mL microwave tube. To
this were added the aryl boronic acid (0.61 mmol, 1.2 eq.) and
potassium carbonate (1.53 mmol, 3 eq.). Palladium on graphene
nanoparticles (Pd/G) (2.1 mg, 1.53 lmol, 0.3 mol%) were then
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added, and the tube was sealed and heated under microwave irra-
diation (250 W, 2.45 MHz) at the certain temperature and time
which is indicated in Table 2. Upon the completion of the reaction
period, the reaction mixture was diluted with 20 mL of H2O and ex-
tracted with CH2Cl2 (3 � 50 mL). The organic layers were com-
bined, dried over anhydrous Na2SO4, and filtered. The solvent in
the filtrate was then removed in vacuo to give a solid. The pure
products were obtained by flash chromatography using hex-
ane:ethyl acetate as the eluent or by washing the solid products
with an appropriate non-polar solvent such as hexanes followed
by decanting the hexanes layer.

2.4. General procedure for the Heck coupling

Aryl bromide (0.51 mmol, 1 eq.) was dissolved in a mixture of
8 mL H2O; EtOH (1:1) and placed in a 35-mL microwave tube. To
this were added the corresponding alkene (1.02 mmol, 2 eq.) and
potassium carbonate (1.53 mmol, 3 eq.). Palladium on graphene
nanoparticles (Pd/G) (2.1 mg, 1.53 lmol, 0.3 mol%) were then
added; the tube was sealed and heated under microwave irradia-
tion (250 W, 2.45 MHz) at 150 �C, for 10 min. Upon the completion
of microwave heating, the reaction mixture was extracted with
CH2Cl2 (3 � 50 mL). The organic layers were combined, dried over
anhydrous Na2SO4, and filtered. The solvent in the filtrate was then
removed in vacuo to give a solid. The pure products were obtained
by flash chromatography using hexane:ethyl acetate as the eluent
or by washing the solid products with an appropriate non-polar
solvent such as hexanes followed by decanting the hexanes layer.

2.5. Procedure for recycling the catalysts

Bromobenzene (50 mg, 0.32 mmol, 1 eq.) was dissolved in a
mixture of 4 mL H2O:EtOH (1:1) and placed in a 10-mL microwave
tube. To this were added phenyl boronic acid (47 mg, 0.382 mmol,
1.2 eq.) and potassium carbonate (133 mg, 0.96 mmol, 3 eq.). Palla-
dium catalyst (1.3 mg, 0.96 lmol, 0.3 mol%) was then added; the
tube was sealed and heated at 80 �C for 5 min under microwave
irradiation (250 W, 2.45 MHz). The progress of the reaction was
monitored by GC–MS analysis. After the completion of the reac-
tion, the mixture was diluted with 10 mL of EtOH and shaken.
The entire mixture was centrifuged and the solvent above the Pd
nanoparticle catalyst was completely decanted. EtOH washing
followed by centrifugation was repeated two additional times
to assure the removal of all products from the catalyst surface.
The Pd nanoparticle catalyst was then directly transferred to
another microwave tube along with fresh reagents for the next
run. This procedure was repeated for every run, and the percent
conversion of product was determined by the means of GC–MS
spectroscopy.

2.6. Procedure for catalyst concentration effects (Fig. 6)

Bromobenzene (50 mg, 0.32 mmol, 1 eq.) was dissolved in a
mixture of 4 mL H2O:EtOH (1:1) and placed in a 10-mL microwave
tube. To this were added phenyl boronic acid (47 mg, 0.382 mmol,
1.2 eq.) and potassium carbonate (133 mg, 096 mmol, 3 eq.). Palla-
dium catalysts nanoparticles (X mmol, Y mol% as indicated in
Fig. 6), were then added, and the tube was sealed and stirred at
room temperature (r.t.). An aliquot of the reaction mixtures was ta-
ken after 30, 60, 120, 180, 240, 300, and 360 min, diluted with
10 mL of CH3CN, and injected into the GC/MS. The percent conver-
sions of the products were then calculated based on the consump-
tion of bromobenzene starting materials by means of GC–MS
spectroscopy.
3. Results and discussion

3.1. Characterization of the Pd/G and Pd/GO nanoparticle catalysts

Characterization of the graphene samples prepared by the HH-
MWI method was examined in detail using EDS, XPS, TEM, and
AFM analyses, and the results are provided in Supporting Informa-
tion (Figs. S1, S2 and S3, pages S9–S11). Here, we focus on the char-
acterization and catalytic activity of the Pd/G and Pd/GO
nanocatalysts.

Fig. 1a displays the XRD patterns of the initial graphite powder,
the prepared GO, and the chemically converted graphene and Pd/G
prepared by the HH-MWI method. The initial graphite powder
shows the typical sharp diffraction peak at 2h = 26.7� with the cor-
responding d-spacing of 3.34 Å. The exfoliated GO sample shows
no diffraction peaks from the parental graphite material and only
a new broad peak at 2h = 10.9� with a d-spacing of 8.14 Å observed.
This indicates that the distance between the carbon sheets has in-
creased due to the insertion of interplaner oxygen functional
groups [24–28]. After MWI of the GO in the presence of HH as
the reducing agent, the XRD of the resulting graphene shows the
disappearance of the 10.9� peak confirming the complete reduction
of the GO sheets [24–28]. A similar XRD spectrum is observed for
the Pd/G sample prepared by the simultaneous reduction of GO
and palladium nitrate using HH under MWI. The very small broad
peak around 2h = 26.7� in the Pd/G sample could suggest the pres-
ence of a minor component of multilayer graphene. The presence
of Pd nanoparticles could enhance the interaction among a few
graphene layers. However, the very weak intensity of the
2h = 26.7� peak indicates that the extent of multilayer graphene
in the Pd/G sample is insignificant.

The Raman spectrum of graphene is characterized by three
main features: the G mode arising from emission of zone-
center optical phonons (usually observed at �1575 cm�1), the D
mode arising from the doubly resonant disorder-induced mode
(�1350 cm�1), and the symmetry-allowed 2D overtone mode
(�2700 cm�1) [24–28,57–59]. Fig. 2 compares the Raman spectra
of graphene and Pd/G samples prepared by the HH-MWI method.
The spectra of graphene and Pd/G show strong G-bands at
1571 cm�1 and 1580 cm�1, respectively. In both cases, the G-band
is redshifted from the G-band in GO (1594 cm�1). However, the
G-band of Pd/G is significantly broad and blueshifted with respect
to graphene, which could be attributed to the presence of isolated
double bonds that resonate at higher frequencies than the G-band
of graphene [58,59]. The D-band in Pd/G at 1365 cm�1 is signifi-
cantly stronger and broader than the D-band in graphene. The
D-band in graphene at 1357 cm�1 and the D’-shoulder at
1616 cm�1 have been attributed to structural disorder at defect
sites and finite size effects, respectively [57–59]. The intensity ratio
of the D-band to the G-band is used as a measure of quality of the
graphitic structures since for highly ordered pyrolitic graphite; this
ratio approaches zero [57–59]. As shown in Fig. 2a, the graphene
sample exhibits a weak disorder-induced D-band with the D–G
intensity ratio of only 0.10–0.12, thus indicating the high quality
of the graphene sheets prepared by the HH-MWI method. On the
other hand, the presence of Pd nanoparticles appears to induce
structural disorder and defects within the graphene sheets as indi-
cated by the high intensity ratio (0.8) of the D- to G-bands in the
Pd/G sample. These structural defects, although undesirable for
electronic applications of graphene, could play an important role
in enhancing the catalytic activity of the Pd/G nanocatalyst. We
have also observed the high-energy second-order 2D-band of the
graphene and Pd/G samples around 2720 cm�1 and 2730 cm�1,
respectively, as shown in Fig. 2b. The position and shape of the
2D peak depend on the number of graphene layers, and therefore,
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Fig. 2. (a) Raman spectra of the graphene and Pd/G samples prepared by the HH-
MWI method in the G- and D-regions and (b) in the 2D-region.
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the 2D peak can be used to distinguish between single-layer,
bilayer, and few layer graphene (FLG) [57–59]. For example, it
has been shown that sheets with more than five layers have broad
2D peaks significantly shifted to positions greater than 2700 cm�1

[57]. Based on these interpretations, we can estimate the number
of layers in the graphene and Pd/G samples as 5–7 and 7–9,
respectively.

The morphology of the Pd/G catalyst consists of platelets and
extended sheets of lateral dimensions ranging from a few microm-
eters to tens of micrometers in length with layered structures as
shown in the SEM image displayed Fig. 3a. EDS analysis (Fig. 3b)
clearly shows the presence of Pd in the sample and that the sample
consists mainly of carbon with an insignificant amount of oxygen
probably due to the presence of some unreduced oxygen functional
groups. This is consistent with the EDS and XPS spectra of the re-
duced GO as shown in Figs. S1 and S2, respectively (Supporting
information). EDS analysis of GO before and after the hydrazine hy-
drate reduction under MWI shows that the oxygen content drops
from 15.2% in GO to 5.2% in the chemically converted graphene,
which is similar to the oxygen content measured in the Pd/G sam-
ple (Fig. 3b).

Fig. 4 displays representative TEM images of the Pd/G and Pd/
GO catalysts. The palladium content in both catalysts was deter-
mined by means of inductively coupled plasma equipped with
mass spectrometry (ICP-MS) and amounted to be 7.9 wt.% and
6.4 wt.%, respectively. The TEM images show the presence of uni-
form well-dispersed Pd nanoparticles on both G and GO sheets
over very large areas of several microns as shown in Fig. S4 (Sup-
porting information, page S12). However, the nanoparticles sup-
ported on graphene appear to be smaller than those supported
on the GO sheets. From multiple samples, we can estimate the
average particle sizes of the Pd nanoparticles supported on G and
GO to range from 7–9 and 12–15 nm, respectively. It also appears
that there is more agglomeration of the Pd nanoparticles on GO
than on G. From the statistical analysis of several TEM images,
the mean sizes of the Pd nanoparticles dispersed on G and GO
are found to be 8 and 14 nm, respectively, consistent with the esti-
mation of the average particle size. It should be noted that one of
the important features of our catalyst preparation is the production
of large graphene sheets (several microns) homogenously deco-
rated with well-dispersed Pd nanoparticles as shown in the TEM
images of Fig. S4 (Supporting information).

The XPS data of the as-prepared Pd/GO catalyst (discussed later
in Section 3.4) indicate that the Pd is substantially present as Pd
(II). The agglomeration of the Pd nanoparticles on GO could be en-
hanced by the strong interaction between the Pd ions and the oxy-
gen functional groups of the GO. Also, the slow deposition of the Pd
ions in the absence of a reducing agent during MWI could result in
lower supersaturation and lower nucleation rates which result in
larger particle sizes [53,54]

We have examined the thermal stability of the prepared Pd/G
and Pd/GO under a nitrogen atmosphere using thermal gravimetric
analysis (TGA). As shown in Fig. 5, the GO exhibits about 10%
weight loss below 100 �C and more than 40% loss at 200 �C result-
ing from the removal of the labile oxygen-containing functional
groups such as CO, CO2, and H2O vapors [25,28]. The Pd/GO catalyst
follows very much the same thermal degradation pattern as that of
GO. In contrast, G and Pd/G show much higher thermal stability
with much less mass loss up to 700 �C. The mass loss in G and
Pd/G is attributed to the presence of some oxygen functional
groups since it is well known that although chemical reduction
of GO results in removing most of the oxygen functional groups,
a small amount of oxygen, mostly in the epoxy and ether groups,
is always retained in the reduced GO [25–28]. The TGA data also
suggest that the presence of Pd nanoparticles on the graphene
sheets increases the thermal stability of the Pd/G catalyst. How-
ever, the mechanism of increasing the thermal stability of graph-
ene by the Pd nanoparticles is not clearly explained at this point,
and more research is needed in order to understand this effect.

3.2. Catalytic activity toward Suzuki reaction

3.2.1. Effect of catalyst concentration
The catalytic activity of these Pd/G and Pd/GO catalysts (with Pd

contents of 7.9 wt.% and 6.4 wt.%, respectively, as determined by
ICP-MS) was investigated using the Suzuki cross-coupling reaction
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of bromobenzene and phenyl boronic acid in a mixture of H2O:
EtOH (1:1) at room temperature (r.t.) (Scheme 1). Fig. 6 illustrates
the % conversion of reaction in Scheme 1 for different loadings of
the Pd/G and Pd/GO catalysts. While both catalysts demonstrated
high activity toward Suzuki coupling, Pd/G shows slightly superior
activity at lower concentrations. With 0.3 mol% loading, both cata-
lysts show complete conversion (100%) of aryl bromide to the
Fig. 3. (a) SEM image and (b) EDS analysis of

Fig. 4. TEM images of (a) 7.9 wt.% Pd/G and (b) 6.4 wt.% Pd/GO prepared by MWI of a m
hydrazine hydrate, respectively.
biphenyl product within 25 min, at room temperature (r.t.). Under
the same concentration, commercially available Pd supported on
activated carbon (10% Pd/C), the most often used catalyst in heter-
ogeneous Pd-catalyzed coupling reactions, exhibits only 17% con-
version after 30 min at r.t. [36,37]. In comparison, the greater
catalytic activity of the Pd/G and Pd/GO over the commercial Pd/
C catalyst may be attributed in part to the high level of purity of
Pd/G prepared by the HH-MWI method.

ixture of graphite oxide (GO) and palladium nitrate in the presence and absence of



Fig. 5. Comparison of the TGA plots of graphite oxide (GO), graphene (G), and Pd/
GO and Pd/G catalysts.
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the starting graphite oxide support. In addition, TEM images of the
commercially available Pd/C sample exhibit uneven size distribu-
tions of Pd nanoparticles within the catalyst with significant
amounts of Pd agglomeration on the surface of the carbon support
as shown in Fig. S5 (Supporting information).

At lower catalyst loading of 0.1 mol%, Pd/G yields the product
with 100% conversion after 2.5 h, in comparison with 95% with
Pd/GO. Similarly, when 0.02 mol% loading was used, both catalysts
still worked effectively, giving a conversion of 97% for Pd/G and
92% for Pd/GO after 4 h. However, further reducing the concentra-
tions provided some insight into the relative reactivity of these two
catalysts. With the lowest loading of 0.007 mol%, the reaction was
completed after 5 h with Pd/G at r.t. affording a yield of 94% of
product, whereas the Pd/GO displayed only 72% conversion under
these conditions. Interestingly, at this low concentration, Pd/G is
capable of converting 63% of the bromobenzene to the biphenyl
product at 80 �C under microwave heating for 5 min. Following
this reaction under the same conditions (80 �C, MWI) led to 95%
formation of product after 10 min. These results demonstrate the
remarkable catalytic activity of Pd/G with a turnover number
(TON) of 9000 and turnover frequency (TOF) of 108,000 h�1

(0.007 mol% Pd/G, 63% conversion at 80 �C under microwave heat-
ing for 5 min). To our knowledge, this is one of the highest turnover
frequency (TOF) observed in a microwave-assisted Suzuki cross-
coupling reaction by a Pd nanoparticles catalyst.
Scheme 1. Suzuki cross-coupling reaction with Pd/G and Pd/GO.

3.2.2. Recycling the Pd/G and Pd/GO catalysts

A significant practical application of heterogeneous catalysis is
in the ability to easily remove the catalyst from the reaction
mixture and reuse it for subsequent reactions until the catalyst is
sufficiently deactivated. Thus, the ability to recycle the Pd/G and
Pd/GO catalysts was studied for the Suzuki cross-coupling reaction
of aryl bromide with phenyl boronic acid (Scheme 1) utilizing
0.3 mol% of these catalysts at 80 �C for 5 min using microwave irra-
diation as the heating source. After each reaction, the catalyst was
recovered by simple washing with EtOH followed by decantation
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I)-5min Pd/C 0.3mol%

d Pd/GO on the conversion of reaction (Scheme 1).



Table 1
Recycling experiments with Pd/G and Pd/GO catalysts using a concentration of
0.3 mol%.a

Run Conversion (%)b Pd/G Conversion (%)b Pd/GO

1 100 100
2 100 100
3 100 100
4 100 100
5 100 96
6 98 54
7 98 23
8 96 5
9 62 –

10 28 –
11 8 –

a Bromobenzene (50 mg, 0.32 mmol), boronic acid (47 mg, 0.382 mmol, 1.2 eq.),
potassium carbonate (133 mg, 0.96 mmol, 3 eq.), and Pd/G (1.3 mg, 0.96 lmol,
0.3 mol%) in 4 mL (H2O:EtOH) (1:1) were heated at 80 �C (MWI) for 5 min.

b Conversions were determined by GC–MS.
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that the mechanism of deactivation of the catalyst is likely to
involve the formation of aggregated Pd nanoparticles which leads
to the decrease in the surface area and saturation of the coordina-
tion sites. After completion of the recycling experiments, the
Pd/G was separated from the reaction mixture. The reaction
solution was analyzed by ICP-MS, and the palladium content in
the solution was determined to be 300 ppb. Such a small amount
of leached palladium may argue against complete heterogeneity
of the catalytic system in this reaction. However, further evidence
on the nature of the catalytic mechanism is the failure to observe
reactivity after the removal of the supported nanoparticles from
the reaction medium. Thus, these results provide consistent impli-
cation for the proposed release and re-deposition mechanism
[60–63] by which a small quantity of Pd leaches into the reaction
solution catalyzes the reaction [62,63] and re-deposits to the sur-
face of the graphene support at the end of the reaction. In this case,
the large surface area created by the support can effectively facili-
tate both the Pd leaching into the solution to catalyze the reaction
and the re-deposition of the leached Pd on the surface of the
support after the reaction is completed.

Similarly, the recyclability of Pd/GO was also examined using
the same microwave-assisted Suzuki cross-coupling reaction con-
ditions at 80 �C for 5 min (Table 1). In this case, full conversions
were obtained in the runs 1–4. The activity slightly dropped in
the fifth run yielding 96% conversion. The catalytic activity was
further dropped in runs 6 and 7 to 54% and 23% conversions,
respectively. Significant amounts of agglomeration of Pd nanopar-
ticles on graphite oxide sheets can be observed on the TEM image
prepared after the 7th run (Fig. 7b), indicating the possible deacti-
vation pathway. Analysis of the reaction mixture by ICP-MS after
the 7th run also displayed a very low palladium leaching of
350 ppb.

3.2.3. Activity of Pd/G catalyst for the preparation of other biphenyl
products

To generalize the above results, the range of catalytic utility in
Suzuki cross-coupling reactions for the preparation of other biphe-
nyl products containing a broader range of functionality was inves-
tigated. For these experiments, we chose to use the Pd/G catalyst
exclusively due to the superior catalytic activity demonstrated in
our prior studies. As illustrated in Table 2, the Suzuki coupling of
variously substituted aryl bromide and phenyl boronic acid
reagents was carried out in the presence of 0.3 mol% Pd/G and
potassium carbonate (3 eq.) using H2O:EtOH (1:1) as environmen-
tally benign solvents. The reactions are either completed at room
temperature or heated under microwave irradiation (MWI) at
80 �C for 10 min. In this context, a broad range of aryl bromide con-
taining electron-donating (1d–e) and electron-withdrawing
Fig. 7. TEM images of (a) Pd/G after the 10t
groups (1a–c) can be effectively incorporated in the coupling prod-
ucts. In addition, phenyl boronic acids bearing useful functionality
such as 4-dimethylamino (1c, g), 4-amino carbonyl (1d, f), or
4-thiomethyl (1b) all led to high yield of Suzuki products. We were
pleased to find that even a more difficult substrate such as 4-nitro-
1-chlorobenzene was able to undergo Suzuki coupling with phenyl
boronic acid in good yield (1h).

3.3. Activity of Pd/G catalyst toward the Heck reaction

To generalize the application of the Pd/G catalyst to another
carbon–carbon bond forming process, the evaluation of the cata-
lytic activity of the Pd/G catalyst was extended to the Heck reac-
tion. While Heck reactions typically involve the use of
phosphine-based palladium catalysis in homogeneous systems,
we chose to examine our heterogeneous Pd/G nanoparticles under
ligand-free conditions using microwave irradiation. Thus, the reac-
tion of a diverse range of aryl bromides with a variety of olefins
was evaluated using 0.3 mol% of Pd/G, potassium carbonate
(3 eq.) and H2O:EtOH as solvents at the temperature of 180 �C
using a microwave irradiation as a heating source. As shown in
Table 3, a variety of electron-rich (2d, g) and electron-poor (2c, f)
aryl bromide substrates can easily undergo the Heck coupling with
a relatively unactivated alkene such as tert-butylstyrene (2b, f),
achieving an excellent yield of the Heck products.

3.4. Composition of active catalytic species

The difference in the activity of the Pd/G and Pd/GO catalysts
could be attributed to a number of parameters such as the nature
h run and (b) Pd/GO after the 7th run.



Table 2
Evaluation of catalysts for Suzuki cross-coupling.a

cpd Aryl halide Boronic acid 1(%)c

ab

b

c

d

eb

f

g

h

a Aryl halide (0.51 mmol), boronic acid (0.61 mmol, 1.2 eq.), potassium carbonate (212 mg, 1.53 mmol, 3 eq.), and Pd/G (2.1 mg, 1.53 lmol, 0.3 mol%) in 8 mL (H2O:EtOH)
(1:1) were heated at 80 �C (MWI) for 10 min.

b Reactions were completed at r.t. after 30 min.
c Isolated yields.
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and concentration of the active species, particle size, dispersion,
and surface area. To gain further insight into the nature of the Pd
species on the surface of graphene or GO support, we measured
the XPS spectra of the Pd/G and Pd/GO catalysts before and after
the Suzuki reaction in Scheme 1 at room temperature. The results
shown in Fig. 8 indicate the presence of different oxidation states
of Pd within the supported catalysts before and after the reaction.

The as-prepared Pd/GO catalyst consists mainly of Pd oxides as
evident from the measured binding energies of the Pd 3d5/2 and
3d3/2 electrons at 337.8 and 343.2 eV, respectively corresponding
to Pd(II). However, during the cross-coupling reaction, in situ
reduction to Pd(0) occurs most likely by the solvent under basic
conditions. The in situ reduction of Pd(II) is confirmed by the mea-
sured binding energies of the Pd 3d5/2 and 3d3/2 electrons after the
reaction at 335.7 and 341 eV, respectively, thus corresponding to a
mixture of Pd oxides and Pd(0) species. On the other hand, for the
as-prepared Pd/G catalyst, part of the Pd(II) is already reduced to
Pd(0) during the preparation of the catalyst by the HH reduction
of the GO-Pd nitrate mixture under MWI. This is clearly illustrated
in Fig. 8 by the almost identical XPS spectra of the Pd/GO catalyst
after the reaction and the Pd/G catalyst before the reaction. Follow-
ing the cross-coupling reaction, in situ reduction of the remaining
Pd(II) species in the Pd/G catalyst converts the catalyst to mostly
Pd(0) species, which are the active species in Pd-catalyzed cross-
coupling reactions. The remarkable activity and recyclability of
the Pd/G catalyst appears to be clearly related to the high concen-
tration of Pd(0) species already present in the as-prepared catalyst
in contrast to the Pd/GO in which palladium reduction occurs
in situ during the reaction. It would be interesting to systematically
examine the effect of increasing the concentration of the Pd(0) in
the Pd/G catalyst on the catalytic activity. For this purpose, the cat-
alytic activities of different Pd/G catalysts with similar particle size
but different concentrations of Pd(0) should be compared. This
work is currently in progress in our laboratory, and the results will
be reported elsewhere [64].

We attribute the great reactivity of the Pd/G catalysts prepared
by MWI to the small size of the Pd nanoparticles (7–9 nm), the high
degree of dispersion due to the lack of evidence for agglomeration
of the nanoparticles during the preparation, and the high concen-
tration of the Pd(0) species already present in the as-prepared



Table 3
Evaluation of catalysts for Heck reactions.a

cpd Aryl bromide Olefin 2(%)b

a

b

c

d

e

f

g

h

i

a Aryl bromide (0.51 mmol), alkene (1.02 mmol, 2 eq.), potassium carbonate (212 mg, 1.53 mmol, 3 eq.), Pd/G (2.1 mg, 1.53 lmol, 0.3 mol%) in 8 mL (H2O:EtOH) (1:1) were
heated at 180 �C (MWI) for 10 min.

b Isolated yields.
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catalyst (XPS results, Fig. 8). It is noteworthy that the palladium ni-
trate source used for catalyst preparation has excellent solubility in
water, and there is no concern regarding the possibility of precip-
itating the palladium nitrate on GO. Furthermore, the current MWI
procedure is a very effective technique for simultaneous reduction
of both the Pd ions (from palladium nitrate) and GO using HH, pro-
viding a rapid temperature rise during microwave heating in
water, thus leading to a fast nucleation and consequently small
uniform Pd nanoparticles (7–9 nm) well dispersed on the resulting
graphene sheets (TEM results, Fig. 4a). It should be noted that the
simultaneous reduction of GO and the Pd ions in solution followed
by the heterogeneous nucleation of Pd nanoparticles on the large
surface area of graphene is the most important and unique feature
of our MWI synthesis approach of the highly active Pd/G catalyst.
We have previously demonstrated that simple physical mixing of
separately prepared very small Pd nanoparticles (4–6 nm) and re-
duced GO sheets results in significant aggregation of the Pd nano-
particles with very poor dispersion on the graphene sheets [28]. On
the other hand, the simultaneous reduction of the Pd ions with GO
results in well-dispersed nanoparticles on the graphene sheets,
thus suggesting that specific interaction between the Pd nanocrys-
tals and the graphene sheets may be responsible for dispersion of
the nanoparticles. This is also consistent with the enhanced ther-
mal stability of the Pd/G over the graphene sheets as shown in
Fig. 5. Furthermore, our results indicate that the simultaneous
reduction of GO and the Pd ions results in a higher concentration
of the catalytically active Pd(0) in the as-prepared catalyst which
enhances the nearly dominant heterogeneous nature of the cata-
lytic reaction system. Therefore, the current work clearly demon-
strates that the catalyst preparation method exerts the major
influence in determining the properties and hence the activity of
the catalyst. In addition, the significance of graphene as an ideal
support system for palladium can also be attributed to its remark-
able structural and electronic features. The unique hexagonal
planar structure of the graphene and the presence of C@C bonds
within the graphene matrix may play an important role as an elec-
tron-rich labile support system for palladium, which stabilizes the
metal center, prevents deactivation of the catalyst by agglomera-
tion, and increases the catalytic activity of the palladium nanopar-
ticles for cross-coupling reactions.



337.8

343.2

335.7

341

335.6

340.8

338.4
333.1

325 330 335 340 345 350

Pd/GO  before  reaction Pd/GO  after  reaction
Pd/G  before  reaction Pd/G  after  reaction 

Pd(0) Pd(II)

Binding Energy  (eV)

Fig. 8. XPS spectra of the Pd 3d5/2 and 3d3/2 electrons’ binding energies for Pd/G and
Pd/GO catalysts before and after Suzuki reactions (Scheme 1).
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4. Conclusions

In conclusion, we have developed an efficient method to gener-
ate highly active Pd nanoparticles supported on graphene by
microwave-assisted chemical reduction of the corresponding
aqueous mixture of palladium nitrate and dispersed graphite oxide
sheets. These catalysts offer a number of advantages such as high
stability of the catalyst, easy removal from the reaction mixture,
reusability of the catalyst for eight times with minimal loss of
activity, and significantly better performance than the well-known
commercial Pd/C catalyst. Both Pd/G and Pd/GO demonstrated
excellent catalytic activity for the carbon–carbon cross-coupling
reactions under ligand-free ambient conditions in an environmen-
tally friendly solvent system. However, the Pd/G containing 7.9
wt.% palladium demonstrated a remarkable turnover frequency
(108,000 h�1) in the Suzuki cross-coupling reactions using MWI
heating conditions. We also found strong evidence that the out-
standing reactivity and recyclability of the Pd/G catalyst toward
Suzuki cross-coupling reactions is associated with high concentra-
tion of Pd(0) nanoparticles very well dispersed on the surface of
the graphene sheets. This catalyst also demonstrated a broad range
of utility for Heck coupling reactions.
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