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Pd nanoparticles supported on single layer graphene oxide 

(Pd-slGO) was prepared by gentle heating of palladium (II) 

acetate (Pd(OAc)2) and GO in ethanol that served as a mild 

reductant of Pd precursor. Pd-slGO showed a high catalytic 

performance (TON and TOF = 237 000) in Suzuki–Miyaura 

cross-coupling reaction. 

In addition to graphene, graphene oxide (GO) has attracted much 

attention for application in the preparation of functional materials.1–5 

Flake graphite is typically employed as a source material for the 

synthesis of GO. Therefore, large-scale production of GO is possible 

even at the laboratory level (~100 g/day).† GO has oxygen 

functional groups at the edge (hydroxyl, carbonyl, and carboxyl 

groups) and on the plane (hydroxyl and epoxy groups) of the GO 

layer. Therefore, GO can form stable dispersions in water and polar 

organic solvents, which facilitates handling and functionalization 

using chemical techniques.1,6,7 GO is an ideal precursor for mass 

production of graphene. However, because of the difficulty in 

completely removing oxygen from GO, it is impossible to fabricate 

perfectly structured graphene.8–11 As such, one promising application 

of GO is to synthesize composites with novel functionalities. The 

surface oxygen functional groups and defects on GO can act as 

nucleation sites;12,13 thus, GO can be used as a support material for 

metal nanoparticles (NPs).14–16 Various graphene- and GO-supported 

metal NPs have been used as catalysts in organic reactions,17–23 fuel 

cells, lithium-ion batteries, and supercapacitors.24–27 Among these 

applications, we have focused on the Pd-catalyzed Suzuki–Miyaura 

cross-coupling reaction that is a powerful tool to construct functional 

biaryl frameworks.28,29 In 2009, Mülhaupt et al. reported a Pd(II)-

graphite oxide-catalyzed Suzuki–Miyaura cross-coupling reaction 

with a turnover frequency (TOF) exceeding 39 000 h−1 and a low Pd 

leaching in the reaction mixture.30 Since then, many Pd-GO and Pd-

graphene composites have been prepared and used as catalysts in 

cross-coupling reactions.31–40 However, there are no reports on the 

preparation of Pd-single layer GO (slGO) composites—Pd NPs are 

usually deposited on GO under reductive and harsh conditions that 

leads to the undesired reduction of GO, which causes aggregation of 

the GO sheets.41 Herein, we focused on the preparation of Pd-slGO 

composites, with a high Pd NPs dispersibility, as a quasi-

homogeneous/heterogeneous catalyst in liquid-phase organic 

reactions. A simple and practical preparation method for the 

synthesis of Pd-slGO composites using aqueous ethanol as solvent 

and reductant is demonstrated. The composite was characterized by 

transmission electron microscopy (TEM), Fourier transform infrared 

(FT-IR) spectroscopy, X-ray photoelectron spectroscopy (XPS), and 

atomic force microscopy (AFM). The prepared composite was then 

investigated as a catalyst in the Suzuki–Miyaura cross-coupling 

reaction. 

GO was prepared according to a modified Hummers method (Fig. 

1a).42,43 The Pd-slGO composites were prepared as follows: 20 mL 

of ethanol (EtOH) and 1.25 mg of Pd(OAc)2 were added to 20 mL of 

0.1 wt% GO dispersion in water. Then, the mixture was stirred for 1 

h at room temperature, 60 °C or 100 °C; the resulting samples are 

denoted as Pd-slGO-rt, Pd-slGO-60, and Pd-slGO-100, respectively. 

The color of the solutions changed from yellowish brown to dark 

brown (Fig. 1b), and the smell of acetaldehyde was detected during 

the preparation of Pd-slGO-60 and Pd-slGO-100. The Pd-slGOs 

were washed by centrifugation with water (twice) and acetone to 

remove the byproducts (AcOH and acetaldehyde), then re-dispersed 

in water.† 

 
Fig. 1 (a) GO and (b) Pd-slGO-60 in water. 

 

The particle size of Pd on GO was measured by TEM (Fig. 2). 

The nucleation and size of the Pd NPs were dependent on the 

preparation temperature. When Pd-slGO was prepared at room 

temperature, Pd NPs were rarely found (Fig. 2a). In contrast, 

increasing the preparation temperature to 60 and 100 °C led to the 
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observation of the Pd NPs (Fig. 2b and c). Pd-slGO-60 featured Pd 

NPs with a bimodal size of ~6 nm and ~9 nm with the average 

particle diameter of 7.7 ± 2.8 nm (Figs. 2b and d). Pd-slGO-100 has 

one peak at ~15 nm with the average particle diameter of 13.5 ± 2.8 

nm, which is nearly twice larger than that of Pd-slGO-60. 

 

 

Fig. 2 TEM images of Pd-slGO composites prepared at (a) room 

temperature, (b) 60 °C, and (c) 100 °C. Particle size distributions 

determined by TEM images of (d) 86 particles of Pd-slGO-60 °C 

and (e) 99 particles of Pd-slGO-100 °C. 

 

Fig. 3 shows the XPS spectra of GO and Pd-slGOs. In general, 

the C 1s XPS spectrum of GO features peaks at 284.5, 285.6, 286.7, 

287.7, and 289.0 eV that correspond to C=C, C–OH, C–O, C=O, and 

HO–C=O, respectively.44 The GO and Pd-slGO composites prepared 

in this study also featured the same peaks (Fig. 3a). This finding 

indicates that the reduction of GOs is insignificant during the 

deposition of Pd. In contrast, the Pd 3d5/2 and Pd 3d3/2 XPS spectra 

displayed peaks at 335.3 and 340.5 eV, and 337 and 342.3 eV, which 

correspond to Pd(0) and Pd(II), respectively (Fig. 3b). The 

preparation temperature significantly influenced the oxidation state 

of Pd: Pd-slGO-rt was mainly composed of Pd(II), whereas half of 

the Pd(II) content was reduced to Pd(0) in Pd-slGO-100. 

 

 

 
Fig. 3 XPS spectra of GO and Pd-slGOs: (a) C 1s and (b) Pd 3d5/2 

and 3d3/2 regions. 

The catalytic activity of the Pd-slGO composites in the Suzuki–

Miyaura cross-coupling reaction was investigated using 

bromobenzene (1a) and phenylboronic acid (2a) in 50% aq. EtOH at 

room temperature for 1 h (Table 1). Pd-slGO-rt and Pd-slGO-60 

catalysts produced biphenyl (3a) in 50% and 66% yields, 

respectively (Table 1, entries 1 and 2). In contrast, the yield 

significantly decreased when Pd-slGO-100 was used as the catalyst 

(Table 1, entry 3). Similarly, the catalytic activity was low when Pd 

and GO were reduced by hydrazine hydrate (Table 1, entry 4). These 

results suggest that the Pd NPs of >10 nm are not active in the 

particular reaction.31,45 

Table 1. Catalyst optimizationa 

Br + (HO)2B

K2CO3

(1.5 equiv)

50% aq. EtOH
rt, 1 h

Pd-GO
(Pd: 0.01 mol%)

(1.1 equiv)
1a 2a 3a

 

Entry Catalyst Yield (%)
b
 

1 Pd-slGO-rt 50   

2 Pd-slGO-60 66  

3 Pd-slGO-100 4 

4 Pd-rGO
c
 16 

aBromobenzene (1a, 0.50 mmol), phenylboronic acid (2a, 0.55 mmol), 
K2CO3 (0.75 mmol), and Pd-GO (0.01 mol% Pd) were mixed in 50% aq. 

EtOH (3 mL) at room temperature for 1 h. bYields were determined by GC 

using dodecane as an internal standard. cPd-rGO composite was prepared by 

reduction with hydrazine at 90 °C for 2 h. 

The performance of the reaction was then investigated under 

optimal reaction conditions using Pd-slGO-60 as the catalyst (Table 

2). The reaction between 1a and 2a was performed for 2 h at room 

temperature to give 3a in quantitative yield (Table 2, entry 1). The 

leaching of Pd following completion of the reaction was monitored 

by ICP–MS; only 0.10 ppm of Pd was detected. Although an aryl 

bromide possessing an electron donating group (1b) was less 

reactive than that with an electron withdrawing group (1c), both 

substrates could generate products 3b and 3c quantitatively by 

changing the reaction time (Table 2, entries 2 and 3,). The tendency 

was altered by changing the electronic state of the arylboronic acids; 

the reaction proceeded smoothly when an electron donating group 

was substituted (Table 2, entry 4), and the product yield decreased 

when electron withdrawing group was substituted (Table 2, entry 5). 

Heterocyclic bromides, such as thienyl bromide (1d) and indolyl 

bromide (1e), were also examined in the present catalyst system 

(Table 2, entries 6 and 7). The reaction between iodobenzene (1f) 

and 2a displayed the highest catalytic activity with a turnover 

number (TON) and TOF (h−1) of 237 000 (Table 2, entry 8). Catalyst 

activity with both TON and TOF (h−1) exceeding 100 000 at room 

temperature is rarely reported. The single-layer hydrophilic sheet 

structure onto which polarized substrates, especially arylboronic 

acids, can easily adsorb and from which the less polarized biphenyl 

products can readily dissociate is one of the main factors 

contributing to the high activity of the Pd-slGOs. 

 The surface areas of the Pd-slGOs were measured via nitrogen 

sorption studies (Macsorb Model 1201, Mountech); the Brunauer–

Emmett–Teller (BET) method was applied on the nitrogen gas 

adsorption branch. The measured surface areas were less than 30 m2 

g−1 that are significantly lower than the theoretical surface area limit 
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of graphene (2630 m2 g−1). This result suggests that the BET surface 

area of the composite in the dry state was affected by the stacking of 

the GO sheets. Despite the dispersibility property of Pd-slGO in 

Table 2. Investigation of substratesa 

1

+ (HO)2B

(1.1 equiv)

2

K2CO3

(1.5 equiv)

50% aq. EtOH
rt

Pd-slGO-60
(Pd: 0.01 mol%)

3

X

R R' R R
'

 

Entry 1 R′ 

2 

Product Time  

(h) 

Yield 

(%)
b
 

1 

 
1a 

H 

2a  
3a 

2 99 

2 

1b 

H 

2a  
3b 

3 99 

3 

1c 

H 

2a  
3c 

1 99 

4 

 
1a 

OMe 

2b  
3d 

3 99 

5 

 
1a 

Ac 

2c  
3e 

24 83 

6 

 
1d 

H 

2a 

 
3f 

3 99
c
 

7 

 
1e 

H 

2a 

 
3g 

24 76 

8 

 
1f 

H 

2a  
3a 

1 44
d
 

aAryl halide (1, 0.50 mmol), aryl boronic acid (2, 0.55 mmol), K2CO3 (0.75 

mmol), and Pd-slGO-60 (0.01 mol% Pd) were mixed in 50% aq. EtOH (3 

mL) at room temperature. bYields were determined by GC using dodecane as 
an internal standard. cThe reaction was performed under reflux condition. d 

0.00016 mol% of Pd was used. 

polar solvents, nitrogen gas does not penetrate the GO layers. Hence, 

to re-evaluate the BET data of the samples, the samples were 

suspended in a methylene blue (MB) dye aqueous suspension. MB 

has been previously used as a probe to estimate the surface area of 

graphitic materials; 1 mg of adsorbed MB can be assigned to a 

surface area of 2.45 m2.46,47 A known amount of MB solution was 

added to the GO or Pd-slGO suspensions, stirred, allowed to settle, 

and centrifuged to remove the suspended material. Based on the 

concentration of MB in the supernatant, as determined by UV–vis 

spectroscopy, the surface areas were estimated as 1170 m2 g−1 (GO), 

1145 m2 g−1 (Pd-slGO-rt), 1097 m2 g−1 (Pd-slGO-60), and 1001 m2 

g−1 (Pd-slGO-100). However, these values remain smaller than the 

theoretical value. Although the surface area of the dispersed GO (as 

opposed to the solid state GO) is more likely to reflect the actual 

surface area, the adsorption of MB molecule is likely influenced by 

the oxygen functional groups and Pd NPs present on the GO surface. 

The discrepancies in the surface areas determined by the BET and 

MB methods prompted the use of AFM to assess the presence of 

slGO (Fig. 4a). The prepared GO featured a thickness of 0.8 nm, 

which is comparable with that reported for slGO.48 It is important to 

note that the height of GO remained smaller than 1 nm after 

deposition of the Pd NPs, and the NPs were clearly observed at ~2 

nm in height (Fig. 4b).  

 

Fig. 4 AFM images of (a) GO and (b) Pd-slGO. The inset image is a 

corresponding TEM image of the Pd NPs on GO. 

FT-IR spectroscopy was employed to analyze the environment of 

the oxygen functional groups on GO that would interact with Pd. As 

depicted in Fig. 5, characteristic absorption bands corresponding to 

the C–O stretching, O–H bend vibration, and C=O carbonyl 

stretching were observed at 1050 cm−1, 1380 cm−1, and 1730 cm−1, 

respectively. Compared with the prepared GO, the C=O stretching of 

Pd-GO was slightly shifted to a shorter wavenumber, i.e. 1690 cm−1, 

suggesting the formation of Pd carboxylates on GO. 

 

Fig. 5 FT-IR spectra of GO and Pd-slGO-60. 

TEM and XPS analyses of the used Pd-slGO-60 catalyst were 

performed after the reaction. As a result, the oxygen functional 

groups on GO were partially removed.49 GO nanosheets and Pd NPs 

were aggregated, and the average particle size slightly decreased 

(See Figures S3c and d).† The activity of the catalyst gradually 

decreased after 3 cycles. These results suggest that dispersibility of 

Pd NPs and GO nanosheets derived from their surface functional 

groups are primarily responsible for the high catalytic activity. 
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Nevertheless, formation of large Pd particles and leaching into 

solution of Pd were rarely observed. Pd leaching was only 0.21 ppm 

when Pd(OAc)2 and GO were separately added to the reaction 

mixture containing bromobenzene (1a) and phenylboronic acid (2a) 

(Eq. 1). The adsorbing characteristic of GO would be suitable for the 

synthesis of Pd-free fine chemicals.50 

 

In summary, we have developed a facile method for the 

preparation of Pd NPs on slGO using EtOH as solvent and reductant. 

It was demonstrated that the oxidation state and particle formation of 

Pd can be controlled with inhibiting aggregation of GO. Pd-slGO-60 

shows the highest catalytic activity for the Suzuki–Miyaura cross-

coupling reaction. Moreover, we have demonstrated that GO can be 

used as a scavenger to prevent Pd contamination of the product. 
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