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1  Introduction

Graphene and graphene oxide (GO) have been used exten-
sively as supports for immobilizing active species and also 
metal-free catalysis due to their unique chemical, physical and 
surface properties such as high specific surface areas, chemi-
cal and electrochemical inertness, good biocompatibility and 
high adsorption capacity and easy surface modification [1–5].

Abstract To improve the dispersibility of graphene oxide 
(GO) in solvents, the grafting of polyacrylamide (PAM) 
from the GO surface was performed by redox polymer-
ization system. The hydrophilic nature and high polarity 
of PAM have made effective dispersion of GO. Then, Pd 
nanoparticles (Pd NPs) were anchored on the surface of 
polyacrylamide grafted reduced graphene oxide nanosheets 
(PAM-g-rGO/Pd). The obtained nanocomposite was used 
for Suzuki–Miyaura cross-coupling reaction in an envi-
ronmental friendly solvent under ambient conditions. The 
results showed that the prepared catalyst system exhibited 
high catalytic activity and stability which could be reused 
at least eight times without significant loss of its catalytic 
activity. This is mainly because of its small particle size, 
uniform dispersion of Pd NPs on the surface of PAM-g-GO/
Pd, and lack of agglomeration of these nanoparticles during 
the preparation at room temperature.
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as redox initiating system. The hydrophilic nature and high 
polarity of PAM have made effective dispersion of GO. 
Then, the Pd nanoparticles were synthesized by reduction 
method on the surface of PAM-g-rGO. PAM-g-rGO/Pd 
nanocomposite was used for cross carbon–carbon coupling 
reactions (Miyaura–Suzuki). The nanocomposites were 
fully characterized by FT-IR, elemental analysis, transmis-
sion electron microscopy (TEM) and thermogravimetric 
analysis (TGA). The catalytic activity and recyclability of 
the PAM-g-rGO were also investigated for use in the Suzuki 
reactions of arylboronic acids and aryl halides.

2  Experimental

2.1  Materials

The reagents and solvents were obtained from Fluka, Merck 
or Aldrich chemical companies.

2.2  Synthesis of GO

Graphite oxide was synthesized from natural graphite 
using Hummer’s method [40]. Typically, graphite (1 g) and 
NaNO3 (0.5 g) were added into a 500-ml round-bottom flask 
followed by addition of H2SO4 (60 ml) with stirring in an ice 
water bath. Next, KMnO4 (3 g) was slowly added in 15 min. 
Cooling was completed in 2 h, and the mixture was allowed 
to stand for 5 days at room temperature with vigorous stir-
ring. The obtained solution was added to aqueous solution of 
H2SO4 (100 ml, 5 wt%) in 1 h with stirring, and temperature 
was kept at 98 °C. The resultant mixture was further stirred 
for 2 h. Then, 80 ml of hot water (60 °C) and H2O2 (33 %, 
15 ml) were added to reduce the residual KMnO4 until bub-
bling is disappeared. Finally, the solid product was sepa-
rated by centrifuge. After that, the product was filtered and 
washed with HCl solution (5 %) twice to remove the metal 
ions. Next, the obtained product rinsed with deionized water 
to remove the acid in order to get graphite oxide powder 
after cake was completely dried in air. The product, graphite 
oxide, exfoliated in de-ionized water with ultrasonic to form 
GO nanosheets. Finally, Brown gel was obtained by freez-
ing and drying of the suspension.

2.3  Synthesis of PAM-g-GO Nanocomposite

Graft polymerization was carried out for four different 
polymerization conditions. As the temperature and con-
centration of initiators are different in each condition, 
the products were named as PAM-g-GO1, PAM-g-GO2, 
PAM-g-GO3, and PAM-g-GO4. The overall procedure 
is as follows: GO (50 mg) was dispersed in distilled 
water (100 ml) in an ultrasonic bath for 30 min at room 

Chemical functionalization of graphene sheets with poly-
mer chains prevents significant π–π interaction between the 
sheets [6]. To date, many methods for chemical function-
alization of graphene sheets have been reported, and these 
approaches could be divided into “graft onto” and “graft 
from” strategies [7, 8]. In “graft onto” strategy, polymer 
chains could be covalently linked to graphene by esterifica-
tion or amidation reactions [9, 10]. In contrast, in the ‘‘graft-
ing from’’ approach, the polymerization is initiated right on 
the surfaces. This technique produces substrate surfaces 
with high grafting ratio [11, 12]. So far, numerous graphene 
and grphene oxide-based polymer nanocomposites have 
been successfully prepared. The combination of them is 
suitable for real applications [6].

It is well known that the redox reaction systems, with 
Ce(IV) salts and reducing agents in aqueous solutions, are 
great initiators for vinyl polymerization. Homopolymers, 
block copolymers, and graft copolymers can be easily 
formed with this system. Suitable reducing agents include 
alcohols, aldehydes, ketones and amines [13, 14]. Polymer 
grafted GO sheets was reported using a redox system [15–
18]. In related studies, Tu et al. obtained polymer grafted 
GO by using a Ce(IV)/HNO3 redox system in an aqueous 
solution [17]. Hu et al. Prepared poly-(acrylic acid) (PAA) 
and poly (N-isopropylacrylamide) (PNIPAM) functional-
ized GO by Ce(IV)-induced redox polymerization [12]. 
This reaction could be carried out in aqueous solution and 
mild temperature. Since the initiation sites are directly on 
the surface of GO sheets, free polymers can be neglected, 
and the materials are easily to be separated by filtration or 
centrifugation.

In the field of catalysis, Pd NPs plays an important role 
in heterogeneous catalysis for many applications including 
carbon–carbon coupling and alcohols oxidation reactions 
[19–21]. The three most important processes, the Suzuki–
Miyaura coupling, the Heck reaction and the Sonogashira 
reaction typically catalyzed by palladium catalysts, have 
been widely studied in recent decades [22–27]. However, 
both their recovery and recycling are often difficult. To 
address these issues, immobilization of Pd catalysts on 
inorganic solid supports [28], organic polymers [29, 30], 
CNT [31–33], graphene and its derivatives have been stud-
ied [34–39]. Among these support systems, graphene and 
GO have been attracted significant attention due to the high 
specific surface area, thermal stability, and unique structural 
and electronic properties as potential support systems for 
palladium-catalyzed C–C coupling applications.

In the present work, for better immobilization of 
nanoparticles on the reduced graphene oxide (rGO), the 
surface of GO was functionalized by PAM. The chemi-
cal grafting of PAM onto the GO sheets was carried out 
using a redox system with ammonium cerium (IV) sulfate 
[(NH4)4Ce(SO4)4·2H2O] and GO sheets’ hydroxyl groups 
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for GO and Pd NPs, was slowly added in 15 min and the 
obtained solid product (PAM-g-rGO/Pd) was separated 
by centrifuge. Finally, the product was ultrasonicated in 
deionized water (100 ml) for 3 min to make a homogenous 
suspension and the black powder was obtained by freeze 
drying of the suspension. To determine the Pd content of the 
catalyst, PAM-g-rGO/Pd (20 mg) nanocatalysts was treated 
successively with mixture of concentrated H2SO4, HNO3 
and HCl, and filtered. The filtrate was diluted to 50 ml with 
distilled water and subjected to ICP determination using 
calibration curve method. Pd content = 0.000154 mmol g−1. 
ICP analysis also showed that 6.78 wt% of Pd was loaded in 
the PAM-g-rGO catalyst.

temperature to yield a homogeneous dispersion. The 
obtained suspension was loaded in a 250-ml three-neck 
round bottom flask and appropriate amount of Ce(IV) and 
K2S2O8 in 10 ml water solution were added to the suspen-
sion in dropping manner. Next, AM monomer (5 g) was 
added to the mixture. Then, the mixture was heated at 65 
(or 30 °C) for 24 h. During the whole preparation pro-
cess, the solution was under nitrogen atmosphere. After 
polymerization, the product were removed by centrifuga-
tion (12,000 rpm, 30 min), and the sediment was redis-
persed in THF or DMF. Repetition of this step was used 
to remove the unreacted monomer and free polymers until 
there is no precipitate formed when drops of colorless 
upper solution were added to methanol, which indicates 
no detectable free polymers remained in the solution. The 
solid product of PAM-g-GO nanocomposite was collected 
and dried by freeze drying.

2.4  Synthesis of PAM-g-rGO/Pd Nanocatalyst

PAM-g-GO2 (500 mg) was loaded in a 250-ml round bottom 
flask and water (100 ml) was added and stirred until a homo-
geneous dispersion was obtained. Then, PdCl2 (100 mg; 
5.6 × 10−5 mol) was added to the PAM-g-GO2 solution. 
Next, NaBH4 (0.0075 g; 1.9 × 10−4 mol), as reduction agent 

Table 1 Optimized polymerization conditions of Am

Sample code Tem-
perature 
(°C)

K2S2O8 
(g)

Ce 
(IV) 
(g)

GO (g) Graft-
ing 
ratio 
(%)

PAM-g-GO1 65 – 0.05 0.05 10
PAM-g-GO2 65 0.05 0.07 0.05 43
PAM-g-GO3 65 – 0.14 0.05 8
PAM-g-GO4 30 0.05 0.07 0.05 10

The feed ratio of GO/H2O is kept at 50 mg/100 ml in all the recipes

Scheme 1 Preparation of 
PAM-g-GO nanocomposite and 
PAM-g-GO/Pd
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TLC (or GC if necessary). After completion of the reac-
tion, the reaction mixture had cooled to room temperature, 
the catalyst was easily recovered by filtration and the fil-
trate was extracted with ethyl acetate for three times. The 
organic fractions were washed with deionized water and 
then dried with magnesium sulfate. The mixture was then 
purified by column chromatography on silica gel using 
n-hexane or different mixtures of n-hexane–ethyl acetate 
as the eluents to afford a product with high purity. Char-
acterization of the products was performed by comparison 
of their FT-IR, 1H NMR, 13C NMR, and physical data with 
those of the authentic samples.

2.6  Procedure for Recycling the PAM-g-rGO/Pd 
Nanocatalyst Using Iodobenzenes (Table 7)

Iodobenzene (1 mmol), phenylboronic acid (1.2 mmol), 
and PAM-g-rGO/Pd (20 mg; containing 0.000154 mmol 
Pd) were added to 4 ml of H2O as the solvent. The solution 
was stirred at room temperature and for the time indicated. 
When Suzuki coupling reactions were finished according 
to the procedures described in previous sections, the sus-
pension was cooled down to room temperature and filtered 
off. After completion of the reaction, the procedure out-
lined above was followed. PAM-g-rGO/Pd nanocatalyst 
was washed with DMF, water and acetone. It was dried 
under vacuum and reused without any pretreatment for 
repeating cycles.

2.7  Characterization

The morphology of PAM-g-GO nanocomposite was 
examined by field emission scanning electron microscopy 
(FE-SEM; Hitachi S4160 Japan) and transmission elec-
tron microscopy (TEM, philips cm30 300kv) to explore 
the structural properties. X-ray diffraction analysis 
(XRD) was carried out with a X-pert philips, pw 3040/60 
X-ray diffractometer. 1H NMR and 13C NMR spectra 
were recorded on a Bruker DRX400 (400 MHz). Prog-
ress of reactions was followed by thin layer chromatogra-
phy (TLC) on silica-gel Polygram SIL/UV 254 plates or 
by Shimadzu GC 10-A instrument with hydrogen flame 
ionization detector. The spectroscopic analyses were car-
ried out using a fourier transform infrared spectrometer 
(FT-IR-Nicolet IR 200) and a Micro Raman Spectrom-
eter (SENTERRA 2009) using an Ar–ion laser at 640 nm 
as the excitation light source. Thermogravimetric/dif-
ferential thermal analysis (TGA/DTA) were carried out 
using a thermobalance (InstSerial 0050–0307) from room 
temperature to 600 °C, at a rate of 10 °C/min in a con-
tinuous nitrogen flow. Atomic force microscopy (AFM) 
images were carried out by a Femtoscan SPM. AFM mea-
surements were taken by aqueous solution of GO and 

2.5  Catalytic Activity of PAM-g-rGO/Pd Nanocatalyst

General protocol for Suzuki coupling is explained as 
follows: Aryl halide (1 mmol), phenylboronic acid 
(1.2 mmol), K2CO3 (1.5 mmol), PAM-g-rGO/Pd (20 mg; 
containing 0.000154 mmol Pd) were added to 4 ml of H2O 
as the solvent. The solution was stirred at room tempera-
ture for the time indicated. The reaction was monitored by 

Table 2 Elemental analysis results for GO, PAM and PAM-g-GO2 
and PAM grafted ratio

Sample code Elemental analysis (wt%) Graft 
ratio of 
PAM 
(wt%)

C H N

GO 43.53 3.48 0 –
PAM 50.1 7.7 19.6 –
PAM-g-GO2 81.65 1.45 9.80 41.40

Fig. 1 FT-IR spectrum of GO, PAM, PAM-g-GO2, PAM-g-rGO/Pd

 

Scheme 2 Radical formation on the surface of GO sheets using 
Ce(IV), K2S2O8 as initiators of the polymerization
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3  Results and Discussion

3.1  Grafting Mechanism of PAM from GO Nanosheets

In the present study, we report the preparation of PAM-g-
rGO/Pd as a catalyst for different reactions (Scheme 1).

PAM grafted GO sheets were prepared by redox polymer-
ization of AM as monomer under mild experimental condi-
tions. The mechanism of grafting is as follows: at first, free 
radicals are generated on GO sheets by the redox reaction of 

PAM-g-GO/Pd. The Pd analysis and leaching test were 
carried out by inductively coupled plasma (ICP) analyzer 
(Varian, Vista-MPX). Elemental analysis was performed 
on a (ECS 4010) elemental analyzer. The X-ray photo-
electron spectroscopy (XPS) experiments were carried out 
in an ultra-high vacuum system equipped by (Gammadte–
scienta ESCA 200) XPS. XPS was done in an ESCA/AES 
system equipped with a Concentric Hemi-spherical ana-
lyzer (CHA, Specs model EA10 plus). XPS spectra were 
acquired using the Al Kα (hm = 1486.6 eV) radiation.

Fig. 4 TGA curves of GO, PAM, PAM-g-GO2 and PAM-g-rGO/Pd

 

Fig. 3 XPS spectrum of a general, b curve fit of C1s spectra of PAM-g-rGO/Pd, c PAM-g-rGO/Pd(II) binding energies, and d PAM-g-rGO/Pd(0) 
binding energies

 

Fig. 2 Raman spectra of graphene oxide, PAM-g-GO2 and 
PAM-g-GO/Pd
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In the spectrum of PAM-g-GO2 (Fig. 1c) and PAM-g-
rGO/Pd (Fig. 1d), a new peak appeared at 2950 cm−1 asso-
ciated to the asymmetric stretching vibration of CH2. The 
peak related to –NH stretching of the AM unit, carboxyl 
(C=O), and alkoxy (C–O) could also be found in the spec-
trum, but the adsorption band assigned to the –OH stretch-
ing vibration disappeared. Moreover, there is a significant 
decrease in the intensity of the adsorption bands of the oxy-
genated functional groups for the PAM/rGO-Pd sample. 
This can probably due to the existence of Pd NPs on the 
surface of GO and also slight reduction of GO by NaBH4 
during the synthesis of the PAM/rGO-Pd nanocomposite.

Raman spectroscopy is a non-destructive optical tech-
nique. As can be seen in Fig. 2, two representative peaks 
around 1308 and 1584.11 cm−1 are observed for GO, which 
are generally assigned as D and G band, respectively. G 
band arises primarily from the presence of a sp2 carbon 
network, whereas D band is related to the vibrations of 
sp3 carbon atoms from defects and disorder inherent in the 
graphite and the edge effect of graphite crystallites [44, 
45]. By comparing the relative intensities of D and G band, 
we can speculate the information about the disordered and 
ordered crystal structures of carbon. For our samples, the 
D/G ratios of GO, PAM-g-GO2 and PAM-g-rGO/Pd are 
1.31, 1.61 and 1.90, respectively. Due to the decrease in 
the average size of the sp2 domains in PAM-g-GO2 and 
PAM-g-rGO/Pd [44, 45], the D/G intensity ratio of PAM-
g-GO and PAM-g-rGO/Pd increased compared to GO. The 
2D peak is also an important band in identifying graphene 
nanosheets. Defects on the graphene basal plane can induce 
the broadening of the 2D peak and the appearance of the 
combination mode. As shown in Fig. 2, an increase in the I 
(D)/I (G) ratio from GO (1.31) to PAM-g-rGO/Pd (1.90) as 
well as the appearance of 2D band (at 2637 cm−1) and the 
combination band (at 2880 cm−1) prove that the reduction 
of GO occurs simultaneously with the formation of Pd NPs. 

hydroxyl groups of GO sheets with Ce(IV), K2S2O8 and at 
65 °C to initiate the polymerization. Then, polymer brushes 
formed on GO sheets by chain propagation. Finally, the ter-
mination steps include coupling of the growing chains with 
other radicals, disproportionation and chain transfer reac-
tions. According to the previous studies [14, 17, 41–43] and 
obtained results from Table 1, it is suggested that the radical 
formation depends on three factors: temperature, concentra-
tion of Ce(IV) and K2S2O8 (Scheme 2). Since the initiation of 
polymerization is from the hydroxyl groups located mainly on 
the surface of GO sheets, the grafted polymers are expected 
to be on the surfaces of GO sheets. According to the obtained 
results, PAM-g-GO2 showed more grafting density compared 
to other similar samples and used for further studies.

The percentage of polymer grafting was calculated by 
Eq. 1:

 (1)

The effect of [Ce(IV)] concentration, K2S2O8 and tempera-
ture (30–65 °C) on graft polymerization was also studied. 
Elemental analysis was performed to evaluate the graft ratio 
of PAM on GO and the results are given in Table 2. The 
weight percentage of grafted PAM for PAM-g-GO2 sample 
was obtained 41.40 %.

3.2  Characterization of Synthesized Structures

The FT-IR spectra of GO, PAM, PAM-g-GO2 and PAM-
g-rGO/Pd are given in Fig. 1. As illustrated in Fig. 1a, the 
broad peak about 3200–3500 cm−1 is related to the –OH 
stretching vibration in GO structure. It also showed bands 
assigned to carboxyl (C=O, 1650 cm−1), epoxy (C–O, 
1250 cm−1) and alkoxy (C–O, 1100 cm−1) groups situated 
at the edges of the GO nanosheets.

Grafting(  ) m(product) m(GO)
m(GO)

100% = − ×

Fig. 5 XRD patterns of a pristine graphite and GO nano sheets, b PAM-g-GO2 and PAM-g-GO/Pd
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(Fig. 3d). The as-prepared PAM-g-rGO/Pd  mainly con-2+

sisted of +2 oxidation state, as evident from the measured 
binding energies of Pd 3d5/2 and Pd 3d3/2 electrons at 
343.5 and 337.6 eV, respectively (Fig. 3c). After reduction 
of PAM-g-rGO/Pd2+, the peaks shifted to lower binding 
energy. The observed binding energy peaks of Pd 3d5/2 at 
336.1 eV and Pd 3d3/2 at 341.3 eV clearly indicate the pres-
ence of Pd(0) in the PAM-g-rGO/Pd catalyst (Fig. 3d) [48].

3.3  Thermogravimetric Analysis

Thermogravimetric curves for GO, PAM, PAM-g-GO2 
and PAM-g-rGO/Pd are illustrated in Fig. 4. Although GO 
is thermally unstable and starts to lose mass upon heating 
even below 100 °C, the major mass loss occurs at 200 °C, 

In addition, because of the significant difference observed 
between the Raman spectra of GO and PAM-g-GO2 (or 
between GO and PAM-g-GO/Pd), it can be concluded that 
PAM chains are covalently attached to GO nanosheets.

XPS analysis was performed for PAM-g-rGO/Pd sample, 
as shown in Fig. 3a–d. Typically, the high-resolution of 
PAM-g-rGO/Pd C1s spectrum showed six different curves 
(Fig. 3b). The binding energies at 284.7, 286.3, 287.2, 288.2, 
289.4, and 291.4 eV were assigned to the C–C/C=C, C–O, 
C–H, C–N/C=O, O=C–O, and O=N–C, respectively [46, 
47]. As shown in the inset of Fig. 3a, N1s band appeared 
at 402.2 eV which indicates the presence of PAM units in 
modified GO nanosheets.

XPS measurements for the Pd 3d peak were also per-
formed to explain the oxidation state of the Pd NPs 

Fig. 6 Tapping mode AFM images for GO and PAM-g-GO2
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26° (002), corresponding to an interlayer d-spacing of 
0.34 nm. However, the feature diffraction peak appears at 
11.6° (002) for GO (Fig. 5a), corresponds to an interlayer 
d-spacing of 0.76 nm.

In Fig. 5b, the strong broad peak at 2θ = 23° can be 
attributed to the amorphous nature of the PAM-g-GO2. 
For PAM-g-rGO/Pd several peaks are observed in XRD 
pattern at around 39.8°, 43.6°, and 78.7°. These peaks 
correspond to the (111), (200) and (220) planes of face 
centered cubic (fcc) lattice, respectively. Therefore, XRD 
demonstrated the presence of Pd NPs on PAM-g-rGO2 
surface. In addition, the XRD patterns of the obtained 
black powders demonstrate the existence of Pd NPs in 
PAM-g-rGO2. The major diffraction lines can be indexed 
to the Pd fcc phase. The broad diffraction peaks of Pd 
indicate relatively small crystal size. The average particle 
size of the deposited Pd NPs is calculated to be ca. 5 nm 
from the (111) peak in terms of the Scherrer’s equation. 
For PAM-g-rGO/Pd there is no peak at 11.6°, which con-
firms the reduction of GO nanosheets.

3.5  Morphology Studies

In the current case, we successfully obtained AFM images 
of samples by liquid method. Figure 6 shows the two and 

presumably due to pyrolysis of the labile oxygen-containing 
functional groups, yielding CO, CO2, and steam [49, 50]. 
The two mass loss peaks at about 200 and 420 °C of the PAM 
and PAM-g-GO2 are arising from the pyrolysis of the oxy-
gen functional groups and PAM moieties, respectively [51].

According to Fig. 4, PAM, PAM-g-GO2, and PAM-g-
rGO/Pd showed a similar pattern of weight loss, and all had 
two major mass losses at about 325 and 420 °C which could 
be the result of decomposition and carbonization of PAM, 
respectively [52, 53]. The overall weight loss for GO is about 
34.81 % at 600 °C, but it is 84.34, 40.98 and 39.92 % for PAM, 
PAM-g-GO2 and PAM-g-rGO/Pd, respectively. These results 
prove that the thermal stability of PAM-g-GO2 is greater than 
PAM which is due to grafting of PAM on the surface of GO. 
Moreover, final char value of PAM-g-rGO/Pd nanocatlysts is 
somewhat higher than PAM-g-GO2 nanocomposite which is 
mainly on account of the presence of Pd NPs in this sample.

3.4  Phase Structure Study of Synthesized Structures

XRD analysis was used to investigate the phase structure 
of synthesized samples compared to the pristine materials. 
Figure 5 shows powder XRD results of raw graphite, GO, 
PAM-g-GO2 and PAM-g-GO/Pd. For the pristine graph-
ite (Fig. 5a), there is a feature diffraction peak at about 

Fig. 7 Field emission scanning 
electron microscopy (FE-SEM) 
images with different magnifi-
cations of a, b PAM-g-GO2 and 
c, d PAM-g-rGO/Pd
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its thickness is about 0.91 nm, demonstrating that the GO is 
single layer [46]. The surfaces of PAM-g-GO2 is uniformly 
covered by a layer of PAM and much rougher than GO. The 
thickness of PAM-g-GO2 evidently increased to 11.42 nm. 
These results indicated that PAM was successfully grafted 
onto the surface of GO.

three-dimensional AFM images of GO and PAM-g-GO2 
surfaces. As shown in Fig. 6, AFM images of both two 
samples displayed single layer GO nanosheets with lateral 
dimensions of several micrometers confirming that GO 
nanosheets remained isolated after grafting of polymers. 
The surface of the as prepared GO is clear and smooth and 

I
B(OH)2

cat, Base

Solvent,rt
+

Entry Solvent Yield %a

1 Water 100
2 DMF 83
3 DMF/water 93
4 EtOH 50
5 Water/EtOH (3:1) 100
6 Water/EtOH (1:1) 80
7 Water/EtOH (1:3) 70

Reaction conditions: 1 mmol iodobenzene, 1.2 mmol arylboronic acid, 20 mg of PAM-g-rGO/Pd (contain-
ing 0.000154 mmol Pd), 4 (ml) of solvent (H2O), 20 min, K2CO3 (1.5 mmol), and under air. Products were 
determined by GC
aIsolated yield after column chromatography

Fig. 8 Transmission electron 
microscopy (TEM) images of a 
GO; b, c PAM-g-rGO/Pd and d 
PAM-g-rGO/Pd (180 day after 
in NRW)

 

Table 3 Screening of differ-
ent solvents for the reaction 
of iodobenzene with phenyl-
boronic acid catalyzed by 
PAM-g-rGO/Pd
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Since most oxidized functional groups are removed dur-
ing the reduction of GO, it is generally difficult to disperse 
the resulting graphene in solution. PAM is used as the sta-
bilizer agent in the synthesis of the Pd-graphene hybrids. 
In this regard, the stability of the PAM-g-rGO/Pd com-
posites in natural reservoir water (NRW) after exposure 
to natural light over a period of 180 days was investigated 
(Fig. 8d). The TEM images of PAM-g-rGO/Pd composites 
after 180 days exhibit the same phenomenon as uniform and 
monodispersed Pd NPs still anchored on a PAM-g-GO sheet 
without obvious changes. This implies that PAM-g-GO/Pd 
composites have excellent stability in NRW during a period 
of 180 days, even after exposure to natural light.

3.6  Catalytic Activity of PAM-g-rGO/Pd

The catalytic activity of PAM-g-GO/Pd was applied for C–C 
bond formation via a Suzuki–Miyaura coupling reaction. For 
this purpose, the reaction of iodobenzene (1.0 mmol) with 
phenylboronic acid (1.2 mmol) as a model reaction in the 

The control of the size and dispersion of Pd NPs on 
PAM-g-GO is very important for their application in C–C 
coupling reaction. In our study, Pd NPs with controllable 
size and dispersion supported on PAM-g-GO was achieved 
by controlling the chemical reduction pathway in aqueous 
solution.

PAM-g-GO nanocomposite was prepared by redox sys-
tem. After grafting of PAM onto GO surface, the mor-
phology of the synthesized PAM-g-GO nanocomposite 
was investigated by FE-SEM and TEM. The results are 
illustrated in Figs. 7 and 8, respectively. The morphology 
of nanocomposite before and after addition of Pd NPs 
was monitored by FE-SEM (Fig. 7a–d). By comparing the 
TEM images of GO (Fig. 8a) before and after polymer-
ization reaction (Fig. 8), it can be concluded that many 
dark ball-like particles formed which are attached PAM 
segments on GO nanosheets. Also, FE-SEM (Fig. 7) and 
TEM (Fig. 8) images showed that the Pd NPs on GO 
had uniform size distribution with diameter of 5–10 nm 
(Fig. 8c, d).

Table 4 Screening of different bases for the reaction of iodobenzene with phenylboronic acid in the presence of PAM-g-rGO/Pd

I
B(OH)2

cat, Base

H2O, r.t
+

Entry Base Base amount (mmol) Yield 
%a

1 NaOH 1.5 99
2 K2CO3 1.5 100
3 EtOH 1.5 100

Reaction conditions: 1 mmol iodobenzene, 1.2 mmol arylboronic acid, 20 mg of PAM-g-rGO/Pd(containing 0.000154 mmol Pd), 4 (ml) of 
solvent (H2O), 20 min, under air. Products were determined by GC
aIsolated yield after column chromatography

Table 5 Effect of different amounts PAM-g-rGO/Pd for the reaction of iodobenzene with phenylboronic acid

I
B(OH)2

cat, Base

H2O, r.t
+

Entry PAM-g-GO/Pd
(Pd mmol)

Yield %a

1 0 N.R
2 0.0000385 75
3 0.000077 91
4 0.000154 100

Reaction conditions: 1 mmol iodobenzene, 1.2 mmol arylboronic acid, 20 mg of PAM-g-rGO/Pd (Containing 0.000154 mmol Pd), 4 (ml) of 
solvent (H2O), 20 min, K2CO3 (1.5 mmol), and under air. Products were determined by GC
aIsolated yield after column chromatography
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X

R

B(OH)2

R cat, Base

H2O

+ R

R= NO2,Me, CN

X=I,Cl,Br
R= Me,Br

R= H,Me,NO2,CN

a b c

Entry Aryl halides Product Time T (°C)
Yield a

(%)

1
B(OH)2 I

20 min r.t. 100

2
B(OH)2 Br

1 h 50 98

3
B(OH)2 Cl

2 h 50 97

4
B(OH)2 I Me

1 h 50 97

5
B(OH)2 IO2N O2N

20 min 50 100

6
B(OH)2 INC NC

20 min 50 100

7
B(OH)2 BrNC NC

50 min 50 99

8
B(OH)2CH3 I Me

15 min r.t. 100

9
B(OH)2CH3 Br Me

40 min 50 99

10
B(OH)2CH3 Cl Me

90 min 50 98

11
B(OH)2Br I Br

1h r.t. 96

12
B(OH)2Br Br Br

4h 50 89

Table 6 Suzuki reaction of phenylboronic acid with arylhalide 

Reaction conditions: 1 mmol aryl halide, 1.2 mmol arylboronic acid, 20 mg of PAM-g-rGO/Pd (z), 4(ml) of solvent (H2O), 
K2CO3 (1.5 mmol) and under air. Products were determined by GC

aIsolated yield after column chromatography

1 3



2303Polyacrylamide-g-Reduced Graphene Oxide Supported Pd Nanoparticles as a Highly Efficient Catalyst…

After optimizing the catalytic system for the Suzuki–
Miyaura reaction, we performed the cross-coupling reac-
tions using different aryl halides (Table 6). The coupling 
reaction of iodobenzene (entry 1) occurred in only 20 min. 
However, a long reaction time was needed to couple deac-
tivated aryl bromides and chlorides. Table 6 also shows 
that both electron-rich and electron-poor aryl halides were 
efficiently coupled in the presence of PAM-g-rGO/Pd 
(entries 4–12), furnishing the cross-coupled products in 
excellent yields. Since PAM-g-rGO composites can stabi-
lize the Pd NPs in H2O as a green solvent, it was our goal 
to determine their activity in this reaction medium. Hence, 
PAM-g-rGO/Pd was efficiently used for Suzuki coupling 
reactions under mild conditions and at a relatively low 
temperature in an aerobic environment and in H2O as the 
solvent.

The most attracting advantage of heterogeneous catalysts 
is their reusability. Thus, the recyclability and reusability of 
the supported catalyst have been investigated using iodo-
benzene with phenylboronic acid as model substrates. This 
catalyst was used successfully in eight subsequent reactions. 
The Pd catalyst exhibited only a slight loss in its activity and 
required a bit longer time to achieve full conversion even 
after eight cycles. The results are tabulated in Table 7. After 
each run, the amount of Pd leaching from 8th was estimated 
by performing ICP measurements on the supernatant solu-
tions. The solutions were collected by filtering the catalyst 
from the reaction mixture after the reactions were complete. 
Based on the results from TEM (Fig. 8c) and ICP analy-
ses, there was no significant agglomeration and leaching 
of Pd NPs after the recycling experiments. It is worth not-
ing that bare Pd nanostructures or even supported Pd NPs 

presence of K2CO3 (1.5 mmol) and 20 mg of PAM-g-rGO/
Pd (this optimized amount of the catalyst was found through 
a study as shown in Table 5 and contains 0.000154 mmol 
of Pd as determined by ICP analysis) in different solvents 
at room temperature was studied (Table 3). The results of 
this experiment showed that H2O was the most suitable sol-
vent for this reaction. The effect of different bases was also 
studied using the reaction of iodobenzene with phenylbo-
ronic acid. Among the studied bases, K2CO3 was found to 
be suitable (Table 4; entry 2). The results outlined in Table 5 
indicate that the best result (entry 4) is obtained with the use 
of H2O as the solvent.

Table 7 Investigation of recyclability of supported catalysts

I
B(OH)2

cat, Base

H2O, r.t

+

Entry Time (min) Yield %a TON TOF

1 20 100 6490 19,666
2 40 100 6490 9833
3 50 100 6490 7.375
4 1 100 6490 6490
5 90 98 6360 4240
6 100 98 6360 3831
7 120 96 6233 3116
8 130 100 6490 2995

Reaction conditions: 1 mmol iodobenzene, 1.2 mmol arylboronic acid, 10 mg of PAM-g-rGO/Pd (containing 0.000154 mmol Pd), 4 (ml) of 
solvent (H2O), room temperature, K2CO3 (1.5 mmol), and under air. All reactions were carried out with 100 % conversion of iodobenzene. 
Products were determined by GC
TON mmol of products/mmol of catalyst, TOF TON/time
aIsolated yield after column chromatography

Table 8 Comparison of Suzuki–Miyaura reactions of bromoarenes 
and catalyzed by various PdNP catalysts from the literature

Entry Catalyst Solvent T 
(°C)

t 
(h)

Yield 
%

Refs.

1 PAM-g-rGO/Pd H2O 50 1 97 This 
work

2 Pd/N-PG EtOH 60 12 99 [56]
3 dendrimer-stabi-

lized PdNPs
H2O/EtOH 80 60 99 [27]

4 Pd@CD–GNS H2O 90 3 93 [57]
5 Pd/PRGO H2O/EtOH r.t 8 95 [58]
7 Pd/r-GO H2O 80 0.5 95 [36]
8 PCP-pincer 

palladium
DMF 80 33 85 [21]

9 HMMS-SH–PdII H2O/EtOH 70 6 96 [59]
10 Pd@Nf-G H2O/EtOH 80 3 88 [60]
11 GO–2N–Pd(II) EtOH 80 4 82 [61]

The reactions have been conducted with various catalysts at various 
temperatures
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 ● The reaction system is simple.
 ● The Suzuki–Miyaura cross-coupling reaction is carried 

out in low temperature.
 ● Organic solvents are not needed.
 ● H2O was used as a green solvent.
 ● Toxic and expensive ligands are not needed.
 ● The yields of the products are very high (due to small 

particle size and high dispersion of Pd NPs).
 ● The catalyst can be easily recovered.
 ● PAM-g-rGO as a support for Pd NPs is biocompatible.

Acknowledgments We are thankful to the Research Council of the 
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