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Abstract 

Graphene oxide (GO) is one of the graphene derivatives whose two-dimensional aromatic carbon 

monolayer structure attracted in various fields of science and engineering because of its unique 

electrical, optical, thermal and mechanical properties. The GO contains abundant oxygen-functional 

groups such as epoxy, hydroxyl, and carboxyl groups. These functional groups provide not only 

excellent colloidal stability in aqueous solutions but also anchoring sites for chemical modifications.  

In this study, we reported a facile approach for the creation of metal nanoparticles (metal 

NPs)/graphene nanocomposite. We used the mussel-inspired molecule, dopamine, to modify the 

surface of GO nanosheets and reduce the metal ions for the in situ growth of metal NPs on the surface 

of GO sheets. Dopamine functionalized GO (GO-Dopa) can make the Ag NPs by simply mixing 

without additional reducing agent or stabilizer at room temperature. We also demonstrated that the 

Ag/GO-Dopa exhibited high catalytic activity for the reduction of a series of nitroarenes. 
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List of Figures  

Figure 1. (a) Structural model and (b) 3D view of a GO showing carboxylic acid groups at the edge, 

hydroxyl and epoxide groups mainly at the basal plane. 

 

Figure 2. Digital pictures of as-prepared graphite oxide dispersed in water and thirteen different 

organic solvents through bath ultrasonication (1 h). Top: dispersions immediately after sonication. 

Bottom: dispersions 3 weeks after sonication. The yellow color of the o-xylene sample is due to the 

solvent itself. 

 

Figure 3. (a) AFM image of a GO monolayer deposited on a SiO2 substrate, showing a back-folded 

edge and AFM section profiles along the three different lines in panel (a), revealing a mono-, bi-, and 

trilayer structure. The thickness of monolayer GO is about 1 nm. (b) STM image of a GO monolayer 

on a HOPG substrate, taken under ambient conditions. Oxidized regions are marked by green 

contours. (c) Aberration corrected TEM image of single suspended sheet of GO. Holes are indicated 

in blue, graphitic areas in yellow, and high contrast, disordered regions, indicating oxygen 

functionalities, in red. 

 

Figure 4. Several structural models of GO proposed in the literatures. 

 

Figure 5. . (a-b) (a) Scheme of protein-based decoration and reduction of graphene oxide, leading to a 

general nanoplatform for nanoparticle assembly and (b) TEM images of (i) BSA-RGO, (ii, iii,iv) Au 

NP-BSA-RGO, (v) Pd NP-BSA-RGO and (vi, vii) Pt NP-BSA-RGO. (c-d) (c) Illustration of the 

fabrication of GO/PDDA/Ag NPs and the procedure of SERS detection of folic acid using 

GO/PDDA/Ag NPs as substrates and (d) TEM image of GO/PDDA/Ag NPs. 

 

Figure 6. (a) Photograph of a blue mussel binding to Teflon and the amino acid sequences of Mefp-3 

and Mefp-5. (b) Dopamine and some derivatives. 

 

Figure 7. Polymerization mechanisms of dopamine, and suggested reaction mechanisms for organic 

ad-layer formation on poly(dopamine)-coated substrates under an oxidative condition at alkaline pH. 

Dihydroxyl group protons in dopamine are deprotonated, becoming dopamine-quinone, which 

subsequently rearranges via intramolecular cyclization to leukodopaminechrome. Further oxidation 

and rearrangement leads to 5,6-dihydroxyindole, whose further oxidation causes inter-molecular 

cross-linking to yield a polymer. 

 

Figure 8. (a) Copper deposition on poly(dopamine) coated three-dimensional plastic dice. (b) A 
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schematic procedure for the on-surface synthesis of Ag NPs and the application of this synthesis 

procedure to the fabrication of metal/organic hybrid nanomaterials. 

 

Figure 9. Route for the reduction of metal ions by oxidation of dopamine. 

 

Figure 10. (a) Synthetic route to acetonide protected dopamine (Dopa*). (b) Schematic representation 

of the preparation of GO-Dopa and Ag/GO-Dopa. 

 

Figure 11. Representative TEM images of Ag/GO prepared without the dopamine functionalization. 

 

Figure 12. (a) FT-IR spectra and (b) UV/vis spectra of (black) GO, (red) GO-Dopa*, (blue) GO-Dopa 

and (green) Ag/GO-Dopa. 

 

Figure 13. Representative AFM and TEM images of Ag/GO-Dopa; (a) GO, (b) GO-Dopa, (c-e) 

Ag/GO-Dopa with an inset image of the Ag NP (f) Size distribution histogram of Ag NPs. Scale bar 

for the AFM images is 2.5 μm. 

 

Figure 14. XRD of Ag/GO-Dopa with a reference. Note that the unconventional (311) orientation is 

noticeably higher than the major (111) peak from the standard Ag reference, thus reflecting the 

different crystal growth direction of Ag NPs over the surface of GO-Dopa.  

 

Figure 15. Representative TEM images of the Ag/GO-Dopa under various reaction conditions. (a) 

controlled reaction time, (b) different concentration of AgNO3 precursor, and (c) the solution pH. 

 

Figure 16. (a) Time-dependent UV/vis absorption spectra for the reduction of 4-NP over Ag/GO-

Dopa catalyst in aqueous media at 298 K. (b) Plot of ln(Ct/C0) versus time for the reduction of 4-NP. 

Reaction conditions: 1.0 mol% catalyst and 800 equiv. NaBH4. (c) Plot of ln(Ct/C0) versus time for the 

reduction of 4-NP with three different catalysts. (d) Plot of ln(Ct/C0) versus time for the reduction of 

4-NP at three different temperatures. 

 

Figure 17. Catalytic reductions of various nitroarenes by the hybrid Ag/GO-Dopa catalyst. reaction 

conditions: 1.0 mol% catalyst and 800 equiv. NaBH4 in aqueous media at 298 K. 

 

Figure 18. Representative TEM images of (a) Au/GO-Dopa and (b) Cu/GO-Dopa with a 

corresponding size distribution histogram of nanoparticles. 
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Mussel-Inspired Green Synthesis of Silver Nanoparticles on Graphene Oxide Nanosheets for 

Enhanced Catalytic Applications 

 

I. INTRODUCTION 

Graphene, a two-dimensional aromatic carbon monolayer structure, has received attractions in 

various fields of science and engineering because of its unique electrical, optical, thermal and 

mechanical properties.1-5 To fabricate graphene, many methods are used such as micromechanical 

exfoliation,6 oxidation/reduction protocols,7-10 epitaxial growth11 and vapor deposition.2  

Among various types of the graphene derivatives, a stable suspension of graphene oxide (GO) is a 

good candidate for use in many applications of graphene-based materials due to its solution-based 

synthetic method in a controlled, scalable and reproducible way.10, 12-14 GO contains abundant oxygen-

functional groups such as epoxy, hydroxyl and carboxyl groups. These functional groups provide 

excellent aqueous dispersity and offer anchors for chemical modifications. GO with the functional 

groups and high surface area is emerging as promising supports for the creation of graphene-based 

composites such as organic, inorganic and polymer composites.4 Particularly, metal/GO composites 

have been studied and developed due to their outstanding properties. Due to their synergetic 

interactions, metal nanoparticles (metal NPs) supported with GO have significant properties in 

electronic interactions and charge-transfer which make them great candidates for various applications. 

Many approaches have been proposed for the formation of metal/GO composite such as solution 

based deposition, direct deposition and hydrothermal techniques.15  

Among various strategies, we introduce the metal/GO composite by a previously unreported 

approach. We hypothesized that if a metal precursor is added into the suspension of the surface-

modified GO sheets with dopamine, metal NPs would form on the GO sheets. Herein, we successfully 

demonstrated the synthesis of metal NPs on the GO sheets by simply mixing at room temperature. We 

used dopamine for functional groups on the GO sheets, as the reducing agents and anchoring metal 

NPs. This led to the formation of the well dispersed metal NPs (Ag, Au and Cu) on the functionalized 

GO sheets with dopamine. We also observed catalytic activities of hybrid Ag/GO-Dopa by monitoring 

the reduction of nitroarenes. Moreover, we found that this method can control the distribution and size 

of metal NPs by changing the reaction time, pH of solution and concentration of metal precursor.  

 
 
 
 
 
 
---------------------------------------------------------------------------------------------------------------- 
Reproduced in part with permission from Jeon, E. K.; Seo, E.; Lee, E.; Lee, W.; Um, M.-K.; Kim, 
B.-S., Chem. Commum., 2013, 49, 3392-3394. Copyright 2013 Royal Society of Chemistry. 
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1.1 Graphene oxide as a promising material for functionalization of graphene 

Graphene oxide (GO) nanosheet, one of the graphene derivatives, has been the center of interest 

among chemists due to its properties and its potential for broad applications.12, 16, 17 Its properties 

include a large surface area and strong mechanical strength as well as oxygen-containing functional 

groups that can facilitate functionalization of graphene. GO is obtained by a chemical oxidation with 

strong oxidants and exfoliation from a natural graphite. GO has an amphiphilic structure that consists 

of aromatic regions (sp2-C atoms) with hydrophobicity and oxygenated aliphatic regions (sp3-C atoms) 

with hydrophilicity.18-20 Its hydrophilic surface is decorated with hydroxyl, epoxy and carboxyl groups 

that are connected with covalent bonds at the basal plane and edges (Figure 1).21-23 The presence of 

oxygen-containing groups on the surface provides not only hydrophilicity but also strong colloidal 

stability in many solvents, especially in water (Figure 2).13, 22 In addition, oxygen-containing 

functional groups act as sites for chemical reactivity to immobilize other species.24 The amount of 

oxygen-containing functional groups on the GO nanosheet can be controlled by thermal or chemical 

reduction. For example, Ruoff and coworkers exhibited a reduction of GO with hydrazine that 

resulted in the formation of unsaturated and conjugated carbon atoms.25 Mullen and coworkers 

fabricated a transparent, conductive graphene film from a graphene oxide by a thermal reduction.26 

These studies demonstrate that properties of GO are dependent on a number of functional groups, 

especially its electrical property. As a result, electrochemical, thermal and optical properties as well as 

chemical composition of GP can applied widely in the field of energy storage system, sensors, 

optoelectronic devices and so on.  

 

1.1.1 Methods to synthesize graphene oxide 

GO is prepared through a chemical treatment based on the oxidation of graphite in strong acidic 

condition and the exfoliation of graphite oxide.12, 14 Synthesis of graphite oxide first emerged almost 

150 years ago by Brodie.7 He used potassium chlorate (KClO3) from graphite in fuming nitric acid 

(HNO3) and investigated the composition of product, resulting in an increase in the oxygen content of 

graphite. After 60 years, Staudenmaier, Hummers and Offeman modified and developed Brodie’s 

method. Staudenmaier treated a mixture of concentrated sulfuric acid (H2SO4) and nitric acid with 

potassium chlorate.9 Another method by Hummers and offeman uses potassium permanganate 

(KMnO4) and sulfuric acid together.8 The chemical agents involved in these methods are oxidizing 

agents. The oxidizing agents are introduced into the basal plane and the edges, which are then on the 

graphene sheet to easily intercalate between sheets.27 Although the oxidation mechanism is unknown, 

many researchers proposed structural models of GO that consist of aromatic and aliphatic regions 

containing oxygenated functional groups. Dimension of two regions depend on the degree of 

oxidation of graphite which is determined by the graphite source and reaction condition as well as 

oxidants.12 Methods mentioned above and their modified versions are commonly used. 
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1.1.2 Characterization of graphene oxide 

The structure and properties of GO can be studied with many techniques. To examine the structural 

features of GO, ultra-high-resolution transmission electron microscopy (HR-TEM), scanning 

tunneling microscopy (STM), nuclear magnetic resonance (NMR) spectroscopy and raman 

spectroscopy are used. Such techniques indicate that GO’s structure is made up of graphitic sp2 

regions, oxidized sp3 regions and carbon vacancy defects (Figure 3).17, 20, 28-30 Rousseau and 

Klinowski groups revealed the presence of carboxyl, epoxy and phenolic groups of graphite oxide by 

NMR and Infrared spectroscopy.28, 31 Moreover, Zettl and coworkers’ study that used HR-TEM was 

supported the graphitic regions and high disordered regions, indicating area of oxidation.18 The 

Raman spectroscopy is a useful method to examine the number of layers and density of defect in GO. 

GO has the features of the G band at 1584 cm-1, G’ band at 2700 cm-1 and D band at 1350 cm-1. The G 

band indicates a first-order scattering of the E2g mode by graphitic lattice, and the G’ band indicates a 

second-order two phonon mode. Finally, D band shows the disordered structure of graphene. The 

intensity and position of peak provide information about the degree of oxidation of GO as well as the 

number of layers present in the structure. Through various studies, many structural models are 

proposed such as Hofmann and Holst’s structure, Ruess, Scholz-Boehm, Nakajima-Matsuo and Lerf-

Klinowski structure (Figure 4).12 Among these models, Lerf-Klinowski structure is the most well-

known model because it most closely corresponds to the researches.32, 33 The thickness of monolayer 

GO is about 1 nm, thicker than graphene that is 0.34 nm thick due to its functional groups on the 

surface.25 In general, GO has electrically insulating or semiconducting properties due to the disrupting 

effect from the sp2 hybridized regions and high mechanical strength up to ~ 42 GPa.34-36 The electrical 

and optical properties of GO depend on the distribution between sp2-hybridization and sp3-

hybridization of environment.37 However, these properties can be tuned by modifying the surface with 

other species such as polymer, inorganic materials etc. or restoring π-conjugation network through 

chemical or thermal treatment.10, 38 Accordingly, it is difficult to investigate the properties of GO 

accurately, because they are seriously affected by the degree of oxidation.   

 

1.1.3 Graphene oxide-based metal NPs composites 

Metal NPs are widely used in the field of photocatalysis and electrocatalysis due to their optical, 

electrical and catalytic properties. Recently, metal NPs nanocomposite has been developed for the 

improvement of the dispersion of metal NPs and to avoiding the aggregation by using the matrix. To 

immobilize the metal NPs, various supports have been used such as silica,39 zeolites,40 metal oxides,41 

carbon compounds42-45 and so on.  

Among the materials used for the host matrix, GO stands out as an advantageous support for the 

fabrication of composite with metal NPs, which can be anchored on the surface of GO that has 

oxygen-containing groups and high surface area. The metal NPs/GO composites have the potential for 
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various applications, including chemical sensors, optical, electronic device, energy storage and, in 

particular, catalytic applications (Figure 5).15, 43, 44, 46-50 The metal NPs/GO composites which has the 

superior performance can be formed by combining GO, which has advantages in electrical, 

mechanical properties and high surface area, and metal NPs, which have optical, electrical and 

catalytic properties. Firstly, active surface for the catalytic reactions increases, resulting in the 

increased adsorption of reactant and faster reaction rate. Secondly, the electron transfer can be 

effectively accelerated by sp2 hybridized region of GO. In addition, agglomeration of metal NPs can 

be prevented. As a result, catalytic potential of metal graphene oxide composite is increased than that 

of metal NPs. This can be supported form our precious report on the catalytic activity of Au NPs/GO 

composite for the reduction of nitroarenes.44 Ag NPs/GO composite has excellent catalytic activity 

compared to Au NPs or GO. Mulhaupt and co-workers have synthesized Pd NPs supported on GO 

that is used for the catalyst in the Suzuki- Miyaura coupling reaction.43 Pd NPs/GO system has better 

performance than Pd on activated carbon because Pd NPs/GO has a high surface area with a good 

accessibility.   

In general, metal NPs/GO composite is synthesized by in situ or ex situ method.15 One of the most 

commonly used in situ methods is a solution based deposition in which metal salt is mixed with 

graphene in solution, followed by the adding of reducing agent to reduce metal salt.44, 48 In this case, 

heat or used toxic reagents such as hydrazine, sodium borohydride (NaBH4) etc. was applied during 

the reaction. ex situ method, on the other hand, uses metal NPs formed in advance, followed by 

attachment with GO. This method can control the size and distribution of metal NPs unlike in situ 

method, but sometimes requires functionalization with other species which can interact with metal 

NPs. However, many previously introduced methods show that the harsh condition such as high 

temperature and pressure or harmful reducing agents is required for the formation of metal NPs in 

common. Recently, a facile and environmental method with mild condition for the formation of metal 

NPs has been attracted without the reducing agent and/or stabilizer.42, 45, 51 But, no studies have 

reported about the synthesis of metal NPs and deposition on the graphene at mild condition yet.    
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1.2 Mussel-inspired molecule: Dopamine 

Since it was reported by Lee and co-workers in 2007, 3,4-dihydroxyphenylalanine (dopamine) has 

been emphasized since it facilitates development of surface immobilization and modification due to 

the binding affinity on a variety of materials.55 Dopamine is a small molecule by the adhesive proteins 

(Mefp-5: Mytilus edulis foot protein) found in the mussel. Dopamine has the catechol group and 

primary amine group as key chemical functionalities (Figure 6). Dopamine can adhere to surfaces of 

virtually any materials.55, 56 For example, there are approaches such as spontaneous oxidative 

polymerization of dopamine and coordination binding by catechol groups. Although the mechanism 

for polymerization of dopamine isn’t identified yet, it is known that self-polymerization is a facile and 

versatile method for the surface modification and that it occurs in a mild alkaline condition (Figure 7). 

Poly(dopamine) can be coated on the substrate because its interfacial binding force increases during 

the polymerization of dopamine.56 The surface coated poly(dopamine) can improve wettability and 

reduce metal ions into metal nanoparticles or GO.56 Coordination bonding can also modify the surface 

of inorganic nanoparticles through proton exchanges and configurations.56-58  

 

 1.2.1 Ability of dopamine for the reduction of metal NPs 

 The excellent adhesion property of dopamine has been used for the functionalization of polymer 

chains as well as the modification on surface of metal oxides and other substrates.59-61  

For instance, Lee and coworkers formed a copper coated dice by a two-step procedure.55 First, the 

dice was coated with poly(dopamine) via dip-coating in dopamine solution (2 mg of dopamine 

hydrochloride dissolved in pH 8.5, 10 mM Tris buffer solution) at room temperature. And then, the 

dice coated with poly(dopamine) was put into the copper metal salt for the metal deposition and 

reduction (Figure 8a). They also produced Ag NPs on the surface of substrate by utilizing 

poly(dopamine), like the previous report, and fabricated the substrate for laser desorption–ionization 

time-of-flight mass spectrometry (LDI-TOF MS) (Figure 8b).57 These results present that the metal 

NPs can be formed by using electrons generated during the polymerization of dopamine. 

However, not only poly(dopamine) but also dopamine can be offered electrons in nature. Catechol 

group of dopamine can be converted into quinone form.62 During the transition from catechol to 

quinone by oxidation, hydrogen atoms fall away and the electrons are generated (Figure 9).       

Therefore, dopamine is an attractive candidate for the modification on the surface of GO to form the 

metal NPs without harsh condition and additives. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 6

and Mef

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. (a) Photog

fp-5.56 (b) Do

graph of a bl

opamine and

lue mussel bi

d some deriva

- 14 - 

inding to Tef

atives.63 

flon and the amino acid sequences o

 

f Mefp-3 



 

 

 

 

 

 

 

 

 

Figure 7

ad-layer

Dihydro

subsequ

and rear

cross-lin

 

 

 

 

 

 

 

 

 

 

7. Polymeriz

r formation o

oxyl group 

ently rearran

rrangement 

nking to yield

zation mecha

on poly(dopa

protons in 

nges via intr

leads to 5,6

d a polymer.5

anisms of do

amine)-coate

dopamine a

ramolecular 

6-dihydroxyi
55 

- 15 - 

opamine, and

ed substrates 

are deproton

cyclization 

indole, who

d suggested 

under an ox

nated, becom

to leukodop

ose further o

reaction mec

xidative cond

ming dopam

paminechrom

oxidation ca

chanisms for

dition at alka

mine-quinone

me. Further o

auses inter-m

 

r organic 

aline pH. 

e, which 

oxidation 

molecular 



 

 

 

 

 

 

 

Figure 

schemat

procedur

 

 

 

 

 

 

 

 

 

 

 

8. (a) Copp

tic procedure

re to the fabr

er deposition

e for the on

rication of m

n on poly(d

n-surface syn

metal/organic

- 16 - 

dopamine) co

nthesis of A

c hybrid nano

oated three-d

Ag NPs and 

omaterials.57

dimensional 

the applicati

plastic dice

tion of this 

.55 (b) A 

synthesis 



 

 

 

 

 

 

 

 

 

Figure 9

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9. Route for the reductionn of metal io

- 17 - 

ons by oxidattion of dopammine. 



 

II. EXP

2.1 Pre

Aceton

Huang H

 

2.1.1 

5.5 g N

in 150 m

addition

The solv

HCl. Af

and wat

recrystal

1H NM

2H), 6.3

 

2.1.2 

2.5 g P

(100 mL

with 14 

purpose

monohy

and filte

and wa

DCM/he

PERIMENT 

eparation of

nide protecte

Hu, and Phill

Phth-dopam

N-carbethoxy

mL methano

n of 14 mL tr

vent was rem

fter the mixtu

ter. The solu

llized in EtO

R (600 MHz

39 (m, 1H), 3

Phth-dopam

Phth-dopami

L). One neck

g of anhyd

. After the 

ydrate (2.0 m

ered through

ashings were

exane to give

f acetonide p

d dopamine 

lip B. Messer

mine 

yphthalimide

ol and stirred

riethylamine 

moved by rot

ure was extra

ution was dri

OAc/hexane t

z, DMSO-d6

3.71 (t, 2H, J 

mine(acetoni

ine (10 mmo

k of the flask

rous CaCl2; 

system was

mol%) was ad

h a short silic

e evaporated

e white cryst

protected do

was prepared

rsmith, Tetra

(25 mmol) a

d. The mixtu

(100 mmol)

tary evaporat

acted with et

ied over Mg

to give pale y

6): δ (ppm) =

J = 7.4 Hz), 3

ide) 

ol) and 4.45 

k was fitted w

the other ne

 degassed w

dded. The ref

ca-gel colum

d to produc

tals, 1.62 g (5

- 18 - 

opamine (Do

d following a

ahedron Lett

and 4.5 g do

ure was dega

). The mixtur

ation and then

thyl acetate,

gSO4, and ev

yellow crysta

= 8.86 - 8.57

3.30 (water), 

mL DMP (

with a Soxh

eck of the fl

with nitrogen

flux was stop

mn, which wa

ce a light 

57%).  

opa*)  

a literature p

ters, 2010, 51

opamine hydr

assed with n

re was stirre

n the residue

the organic 

vaporated to

als, 3.79 g (5

7 (catecholic 

2.72 (t, 2H, 

(2 equiv.) w

hlet extractor

flask was sea

n for 5 min

pped after 2 h

as washed w

yellow solid

procedure (Zh

1, 2403). 

rochloride (2

nitrogen for 3

d at room te

e was treated

layer was w

give a yello

53.4%).  

protons), 7.

J = 7.4 Hz). 

ere added in

, the thimble

aled with a s

n, 67 mg p-

h. The mixtu

with DCM. T

d, which w

hongqiang L

25 mmol) we

30 min, foll

emperature o

d with 30 mL

washed with 

ow solid, wh

84 (m, 4H), 

 

n anhydrous 

e of which w

septum for 

-toluenesulfo

ure was coole

The combine

was recrysta

Liu, Bi-

ere added 

lowed by 

vernight. 

L of 1 M 

1 M HCl 

hich was 

6.57 (m, 

 

benzene 

was filled 

sampling 

onic acid 

ed down, 

ed filtrate 

llized in 



 

1H NMR

= 7.8 Hz

 

2.1.3 

1.20 g 

solution 

for 3 da

filtrate w

for anot

0.57 g (8

1H NM

1.34 (br,

 

 2.2 Pre

GO sol

from gra

R (600 MHz

z ), 2.88 (t, 2

Dopamine(a

Phth-dopam

 mixture of 

ays. The whi

was concentr

ther day. The

81.3%)  

MR (600 MHz

, 2H). 

eparation of

lution was pr

aphite powde

z, CDCl3): δ 

2H, J = 7.8 H

acetonide) (D

mine(acetonid

50 mL meth

ite precipitat

rated by rotar

e filtrate wa

z, CDCl3): δ

f GO solutio

repared by th

er (Aldrich) 

(ppm) = 7.83

Hz), 1.65 (s, 6

Dopa*) 

de) and 2.5 

hanol and 50

te was remo

ry evaporatio

as concentrat

δ (ppm) = 6.

on 

he modified H

by treatment

- 19 - 

3 (m, 2H), 7

6H). 

mL hydrazin

0 mL DCM. 

oved by filtra

on. After add

ted and dried

67-6.58 (m, 

Hummers m

t of H2SO4 a

.70 (m, 2H),

ne monohyd

The mixture

ation and wa

dition of 50 m

d under vacu

3H), 2.92 (t

method. Firstly

and KMnO4.

 6.67-6.61 (m

drate (10 equ

 was stirred 

ashed with D

mL DCM, th

uum to prod

t, 2H), 2.66 (

y, graphite o

And then Gr

m, 3H), 3.86

uiv.) were ad

at room tem

DCM. The c

he mixture w

duce light ye

(t, 2H), 1.67

oxide was syn

raphite oxide

6 (t, 2H, J 

 

dded to a 

mperature 

combined 

as stirred 

ellow oil, 

7 (s, 6H), 

 

nthesized 

e powder 



- 20 - 
 

dissolved in a known volume of water was exerted with ultrasonication for 40 min in order to 

exfoliate graphite oxide. Graphene oxide (GO) was obtained as a brown-colored stable suspension 

(conc. 0.50 mg mL-1), followed by centrifugation at 4000 rpm for 10 min to remove any aggregates 

remaining in the GO suspension.  

 

 2.3 Preparation of GO-Dopa solution 

The synthesized 100 mg of Dopa* was added in 100 mL GO suspension with 125 mg EDC (Aldrich) 

and stirred for 12 h. The resulting suspension was dialyzed (MWCO 12000-14000, Spectra/Por) for 3 

days to remove any residues and byproduct. For the hydrolysis of acetonide protecting group, 0.6 mL 

of TFA was added to 40 mL of GO-Dopa* solution and stirred for 3 h with a subsequent dialysis for 

an additional day. The self-polymerization of dopamine was strictly controlled under controlled pH 

conditions (pH 3.3 – 3.5) and N2 purging. 

 

2.4 Preparation of hybrid Ag/GO-Dopa 

To a 5 mL solution of GO-Dopa (pH 3.4), 464 μL of aqueous AgNO3 solution (58.9 mM) was added 

in order to afford the 5 mM GO-Dopa solution (concentration based on Ag). The mixture was stirred 

for 3 h at room temperature. Then the mixture was dialyzed for 12 h to remove any unreacted salts 

and residues. The protocol of the formation of Cu and Au nanoparticles has the same procedure as 

hybrid Ag/GO-Dopa. 

 

2.5 Catalytic reduction of 4-nitrophenol by hybrid Ag/GO-Dopa catalyst. 

A 2 mL (5 × 10-5 M) of aqueous 4-nitrophenol ( >99%, Aldrich) solution was mixed with 0.8 mL (0.1 

M) of fresh NaBH4 (800 equiv. to the substrate, Aldrich) solution. 9 μL of Ag/GO-Dopa aqueous 

solution (0.05 wt %, 0.5 mol% with respect to the Ag concentration) was added. The mixture was 

transferred into a quartz cuvette immediately to be measured with UV/vis spectroscopy. The 

concentration of 4-nitrophenol was determined at a wavelength of 400 nm. The reduction of a series 

of nitroarens followed the same procedure.  

 

 2.6 Characterization of catalytic activity. 

The following equations are used to calculate the factors related to catalytic activities. 

ㆍThe rate constant 

The rate constant expresses the speed of chemical reaction. In the catalytic reaction, k means a slope 

of ln(Ct/Co) versus time graph: 

k = ln(Ct/Co) / t 

where Co is the initial concentration of reactant and Ct is a value of initial concentration of reactant 
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multiplied by the ratio of absorbance at specific time to initial absorbance, and t is time. 

ㆍTurnover frequency (TOF) 

Turnover frequency is defined as the number of molecules that can be converted to product per 

catalytic site at a unit time.  

TOF = 
	 	

Mole	of	catalytic	substrate	
	 	  

 

ㆍActivation energy 

The activation energy can be calculated by Arrhenius equation. The parameters at different 

temperature substitute below Arrhenius equation: 

k = A · e -Ea/RT
 

where k is the rate constant, A is pre-exponential factor, Ea is activation energy, R is gas constant 

(8.3144621 J/mol·K), and T is absolute temperature (K) 
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III. RESULTS AND DISCUSSION 

 

3.1 Synthesis of Ag/GO-Dopa 

 

To functionalize dopamine molecules on the surface of GO, we initially prepared GO according to 

the modified Hummers method with pure graphite, and then by exfoliation under ultrasonication.7, 64   

Before GO reacted directly with dopamine, the catechol group of dopamine was transformed into the 

acetonide group (Dopa*). Acetonide groups were used to react with GO suspension in order to protect 

catechol groups, and then to attempt deprotection of acetonide groups.7, 65, 66Acetonide groups are 

forms of selectively protected catechol groups in dopamine necessary to prevent side reactions such as 

self-polymerization that might interrupt the attachment of catechol on the GO. After the preparation of 

Dopa*, carboxylic acid groups (-COOH) and/or epoxy groups on the surface of GO reacted with the 

free amine group (-NH2) of Dopa* through the N-ethyl-N’-(3-dimethyl aminopropyl)carbodiimide 

methiodide (EDC) mediated reaction. Deprotection followed using trifluoroacetic acid (TFA) in order 

to provide the GO-Dopa with free catechol groups (Figure 10). Once the stable GO-Dopa suspension 

was prepared, Ag NPs were easily made in situ grown at room temperature. We subsequently obtained 

the Ag/GO-Dopa composite by simply mixing aqueous AgNO3 solution with GO-Dopa suspension for 

3h. Consequently, Ag NPs were decorated on the GO-Dopa sheets. Interestingly, GO-Dopa acted as 

both a reducing agent and a stabilizer for the Ag NPs produced. The formation of the Ag NPs is 

attributed to the oxidation of dopamine functionalized graphene sheets. The catechol groups of 

dopamine oxidized to a quinone form resulted in electrons being offered. The Ag ions received the 

electrons and reduced to form Ag NPs. As a control experiment, pristine GO was also used to form Ag 

NPs on the GO sheets through a similar procedure of Ag/GO-Dopa (Figure 11). As a result, Ag NPs 

manifested on the surface of GO due to defects and functional groups. They offered nucleation sites 

such as carboxylic acid groups coordinating with Ag ions. However, the Ag NPs exhibited a wide size 

distribution, with low crystallinity. These events demonstrate the importance of dopamine on GO 

sheets for Ag NPs growth. 

 

3.2 Characterization of GO-Dopa and Ag/GO-Dopa  

 

The FT-IR and UV/vis spectroscopy was used to identify the surface functionalization of GO 

(Figure 12). In the FT-IR spectrum (Figure 12a) of GO, the broad peak at 3300 cm-1 arises from the 

O-H stretching vibrations. Moreover, the peaks due to C=O stretching and conjugated C=C are visible 

at 1730 and 1630 cm-1, respectively.67 After the reaction of GO with Dopa*, a peak appeared at 2900 

cm-1 corresponding to the C-H stretching band caused by the alkyl group of dopamine. In contrast 

with GO, the intensity of the peak at 1730 cm-1 was decreased and shifted because of the formation of 



- 23 - 
 

the amide bond (-CONH-) on the surface of GO. The unpaired electrons on a nitrogen atom conjugate 

with the C=O group, and resulting in delocalization of the π electrons in the C=O and N, which 

further indicates the increasing of the single bond character and a lowering of the C=O frequency. 

Therefore, the C=O band overlapped with the adjacent conjugated C=C band.68 Consequently, the 

peak was observed with a broad absorption range between 1720 and 1630 cm-1 through the resonance 

effect. The spectrum of GO-Dopa is very similar to that of the GO-Dopa* because of their analogous 

structures. We also characterized surface functionalization of GO by using UV/vis spectroscopy 

(Figure 12b). The absorbed peaks of GO-Dopa and GO-Dopa* were blue-shifted from that of the UV 

ligh absorbed by GO at 230 nm. In the GO-Dopa*, the σ→σ* transition requiring higher energy (or 

shorter wavelength) occurred because of the alkyl group of acetonide protecting dopamine on the GO. 

GO-Dopa absorbed lower energy (red shift) than the GO-Dopa*, due to the σ→π* transition of 

hydroxyl groups of dopamine. In other words, the conjugation of aromatic dopamine contributed to 

the shift of absorbance peak.68 

We confirmed the morphology of Ag/GO-Dopa nanocomposite (Hybrid Ag/GO-Dopa) by atomic 

force microscopy (AFM) and transmission electron microscopy (TEM). The AFM images support the 

functionalized surface of GO sheets (Figure 13a-c). The GO-Dopa sheets are thicker than GO due to 

the functionalization of the surface with dopamine. According to TEM images, we observed that the 

individual Ag NPs were deposited on the functionalized GO sheets (Figure 13d-f). Ag NPs decorated 

not only the edges of GO-Dopa sheets, but also the basal planes, although the densities are relatively 

higher at the edges due to the higher distribution of surface functional groups there. We predict that 

this observation can be attributed to the higher distribution of surface functional groups, such as 

dopamine and unreacted carboxylic acid groups in combination with the dopamine. The average 

particle size of Ag NPs were 7.71 nm and were well dispersed on the surface of GO. The Ag NPs were 

polycrystalline with lattice spacing of 1.2 Å and 2.36 Å corresponding to the (311) and (111) peaks, 

respectively. For additional characterization, the XRD patterns of Ag/GO-Dopa composite were 

measured (Figure 14). The XRD data supports the formation of Ag NPs on GO sheets. The diffraction 

peaks at 2θ values of 38.1°, 44.3°, 64.4° and 77.5° could be indexed to (111), (200), (220) and (311) 

crystal planes of Ag NPs, respectively with a broad peak at around 20° of GO. We confirmed that Ag 

NPs composed about 2.4% in Ag/GO-Dopa suspension through ICP/MS measurement. In this data, 

we demonstrated that the Ag NPs are successfully formed on the functionalized GO sheets with good 

colloidal stability. 

Furthermore, we also demonstrated that the distribution and sizes of Ag NPs could be controlled by 

changing the reaction time, solution pH or concentration of the Ag precursor (Figure 15).  
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3.3 Catalytic performance of Ag/GO-Dopa for nitroarenes reduction 

 

After careful investigation of the hybrid Ag/GO-Dopa, it was used for catalytic reduction of a series 

of nitroarenes in the presence of NaBH4 as this reaction has an effective catalytic activity for Ag NPs. 

The conversion of nitroarenes is vital for the removal of harmful and hazardous materials 

manufacturing analgesic and antipyretic drugs, dyes and so on in the industrial chemistry. Therefore, 

there are various physical, biological, and chemical methods developed such as adsorption, microbial 

degradation, and electrochemical treatment to instigate more efficient catalytic reactions.42, 45, 51, 69-71 

Specifically, the catalytic reaction of nitroarenes has been demonstrated by using various metal NPs 

with carbon materials such as Au/Graphene,44 Au, Ag or Pt/CNT composites.72 We have studied the 

reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) with the Ag/GO-Dopa composite to 

evaluate catalytic activity of Ag/GO-Dopa. The reaction was monitored via UV/vis spectroscopy 

(Figure 16a). We observed that the absorption peak of 4-NP at 400 nm decreases rapidly, while a new 

absorption peak at 300 nm increases, indicating that the reduction occurred from 4-NP to 4-AP. From 

the UV/vis spectra, the pseudo-first-order reaction kinetics was applied to determine the reaction rate 

constant. From the linear relations of ln(Ct/C0), we found that the rate constant, k, for this reaction is 

0.364 min-1 and TOF is 14.6 min-1, which is a higher value than those reported earlier (Figure 16b).45 

To clearly appraise the catalytic activity of Ag/GO-Dopa, we carried out the control experiments using 

GO and GO-Dopa. The GO and GO-Dopa showed negligible catalytic activity with a reaction rate 

constant, k, of 0.004 min-1 and 0.003 min-1, respectively (Figure 16c). We also observed that the 

catalytic activity of Ag/GO-Dopa is affected by the temperature of the reaction (Figure 16d). As the 

temperature increased, the catalytic activity also was increased. The rate constants obtained at various 

temperatures were plotted to provide the activation energy of the reaction, which corresponds to 

approximately 40.0 kJ/mol by deducing the Arrhenius plot. 

Furthermore, we investigated the catalytic activity of Ag/GO-Dopa for the reduction of other 

nitroarenes. We found that Ag/GO-Dopa has superior catalytic activity in the reduction of a series 

nitroarenes regardless of the different types and positions of the substituents (Figure 17). We predict 

that the reasons for the high catalytic activity of Ag/GO-Dopa are attributed to the high surface area 

and increased opportunities for reduction activity through enhanced affinity between nitroarenes and 

aromatic groups of GO.  
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3.4 Versatility of mussel-inspired method in the fabrication of hybrid metal NPs/GO 

 

To investigate the adaptability of mussel-inspired method for the formation of hybrid metal NPs/GO, 

we synthesized Cu and Au NPs on the surface of the GO-Dopa sheet by following the protocol of Ag 

/GO-Dopa (Figure 18). We observed through TEM images that Au or Cu NPs were decorated on the 

GO-Dopa sheets and confirmed that GO-Dopa suspension is able to successfully fabricate Au and Cu 

NPs as well as Ag NPs by simply mixing with metal precursor at room temperature. The Au or 

Cu/GO-Dopa also has good colloidal stability, like demonstrated through Ag/GO-Dopa suspension. 

These results imply that the mussel-inspired method is a facile and green approach for the formation 

of metal/graphene nanocomposites.  
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IV. CONCLUSION 

In conclusion, we synthesized the hybrid Ag/GO-Dopa by using an Ag precursor and the 

functionalized GO sheets with a mussel-inspired biological derivative, dopamine. The functionalized 

GO sheets in conjunction dopamine acted as both the reducing agent and stabilizer for the reduction 

of Ag ions. Ag NPs were formed and covered on GO-Dopa sheets with good distribution by mixing 

the Ag precursor and GO-Dopa suspension at room temperature without additives. Ag/GO-Dopa 

exhibited excellent catalytic activity for the reduction of a series of nitroarenes because of the 

interplay between the high surface area of the GO and the catalytic activity of Ag NPs. In addition, Au 

or Cu nanoparticles could be easily synthesized using the GO-Dopa suspension. We anticipate that the 

approach presented in this study will provide a facile preparation of nanoparticles on graphene oxide 

sheets for future electronic, energy and sensor applications. 
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