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experiments have been carried out to 
grow or attach highly catalytic nanopar-
ticles of metals or metal oxides such 
as Pt, [ 14 ]  Au, [ 15 ]  Ag, [ 16 ]  and TiO 2 , [ 17 ]  on 
graphene sheets for various purposes, 
including for the enhanced electrocata-
lytic activity, sensing, and actuating per-
formance of graphene. For example, Dai 
et al. [ 18 ]  recently reported the improved 
catalytic activity of a hybrid material con-
sisting of rGO and Co 3 O 4  nanoparticles, 
compared to that of rGO alone or Co 3 O 4  
nanoparticles themselves. They ascribed 
the improved electrocatalytic activity to the 
synergetic chemical coupling between the 
rGO and the nanoparticles. 

 Controlling the size and amount of 
nanoparticles attached to graphene is of 

great importance for practical applications, as the electrochem-
ical properties are signifi cantly dependent on these factors. [ 19 ]  
However, current techniques for the attachment of nanoparti-
cles onto graphene do not show suffi cient controllability. The 
majority of the methods to attach, anchor, or grow nanopar-
ticles onto graphene have employed an in situ synthesis of 
nanoparticles from the precursors at the surface of the GO or 
rGO. [ 14–17 ]  Despite the simplistic synthesis of graphene-nan-
oparticle hybrid materials, the nanoparticles on GO or rGO 
sheets from the in situ synthesis are generally of an irregular 
size, shape, and may be agglomerated. 

 As an alternative method, nanoparticles were synthesized 
ex situ and then mixed with a GO dispersion to be adsorbed 
onto the surface of graphene. [ 20,21 ]  However, the physisorption 
of nanoparticles onto graphene was not adequate to control the 
amount of nanoparticles on the graphene, although the size 
and shape of the ex situ synthesized nanoparticles were regular. 
Furthermore, stabilizers such as surfactants or polymers on the 
surface of ex situ synthesized nanoparticles could hinder the 
catalytic interaction. [ 22 ]  

 Particularly for electrochemical applications, graphene 
attached with nanoparticles, whether they were synthesized in 
situ or ex situ, should be coated on carbon electrodes, which 
presents the challenge of avoiding agglomeration of the gra-
phenes attached with nanoparticles. To take full advantage 
of the unique characteristics of graphene, such as fl exibility, 
transparency, and transferability, [ 23 ]  it is necessary to produce 
aggregation-free nanoparticles on a continuous thin fi lm of gra-
phene. Numerous methods including layer-by-layer assembly, 
printing-based transfer of nanoparticles, transfer of nanopar-
ticles assembled at an interface, electrodeposition, and sput-
tering are available to produce nanoparticles on a continuous 
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  1.     Introduction 

 Graphene is a fl at monolayer of sp 2  carbon atoms in a two-
dimensional honeycomb lattice. It has attracted much attention 
as a new carbon material because of its optical transparency, [ 1 ]  
superior thermal conductivity, [ 2 ]  high elasticity, [ 3 ]  and unique 
physical phenomena, such as ballistic electron transport. [ 4 ]  In 
particular, electronic and electrochemical applications of gra-
phene have been widely studied due to its large specifi c surface 
area (2630 m 2  g −1 ), [ 5 ]  high electron mobility, [ 6 ]  and rapid charge 
transfer [ 7 ]  compared to graphite and carbon nanotubes. Nev-
ertheless, the mechanical exfoliation method that was initially 
introduced to obtain graphene can hardly produce graphene 
with a large area on a substrate. Recently, intensive studies have 
been performed for the mass production of graphene through 
chemical vapor deposition or chemical exfoliation of graphite. 
For example, the Hummers method [ 8,9 ]  has been used to obtain 
dispersions of chemically exfoliated graphene oxide (GO) or 
reduced graphene oxide (rGO) in large quantity, allowing a 
variety of studies on graphene-based applications, including 
electrochemical capacitors, [ 10 ]  biosensing, [ 11 ]  infrared light 
detection, [ 12 ]  and electrocatalysts. [ 13 ]  

 Because graphene has a two-dimensional and conduc-
tive structure that can effectively support nanoparticles, many 
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substrate. [ 24 ]  However, few of these methods can satisfy the 
requirement of synthesizing aggregation-free nanoparticles 
with tunable size and number density on a continuous, large-
area graphene sheet. 

 The diblock copolymer approach has been used to synthesize 
arrayed nanoparticles on large-area substrates and is a potential 
candidate to decorate nanoparticles on graphene to meet the 
criteria of synthesizing aggregation-free nanoparticles with con-
trollability. [ 25 ]  Diblock copolymers, consisting of two chemically 
distinct homopolymers linked by a covalent bond, spontane-
ously assemble into a variety of periodic nanostructures. Their 
size and morphology can be easily adjusted by varying the 
molecular weight, the relative volume fraction, and the inter-
action parameter of the copolymer. Ordered nanostructures of 
diblock copolymers have been utilized as templates or lift-off 
masks to fabricate arrays of diverse nanoparticles on various 
substrates. [ 25 ]  

 To apply the nanostructures of copolymers to graphene, 
however, the surface of graphene should be chemically modi-
fi ed [ 26,27 ]  or covered with an additional layer [ 28–31 ]  to induce per-
pendicularly oriented nanostructures, which are necessary for 
the application of diblock copolymers to templates and masks. 
To avoid additional treatment of the graphene surface, an 
approach involving nanoscale micelles of diblock copolymers 
may be a plausible answer for the tunable synthesis of nanopar-
ticles on graphene. 

 When diblock copolymers are dissolved in a selective solvent 
for one of the blocks, spherical micelles with a soluble corona 
and an insoluble core can be obtained. Because we can load 
nanoparticle precursors into the cores of copolymer micelles 
and spin-coat a single layer of micelles without overlapping, 
we can effectively synthesize nanoparticles on a variety of sub-
strates by post-treatment of the micellar layer. [ 32–35 ]  The diam-
eter and inter-distance of the micelles, which can be adjusted 
by the molecular weight of the copolymer, govern the size and 
spacing of the nanoparticles that are synthesized from the 
micelles. [ 35–38 ]  Thus, graphene can be decorated with tunable 
nanoparticles by coating diblock copolymer micelles directly on 
the surface of graphene. 

 In this study, we fi rst decorated rGO fi lms with arrays of 
Au nanoparticles using diblock copolymer micelles. The rGO 
fi lm with Au nanoparticles was transferable without deterio-
ration of the Au nanoparticles array. Next, we modifi ed glassy 
carbon electrodes by transferring the rGO decorated with Au 
nanoparticles, which showed high electrocatalytic performance 
in a redox reaction. In addition, we applied rGO fi lms with Au 
nanoparticles to the oxygen reduction reaction (ORR), which is 
an important electrochemical reaction for a variety of energy 
conversion devices, including fuel cells. Furthermore, we were 
able to differentiate the ORR mechanisms between Au nano-
particles having different diameters, which were effectively con-
trolled by the micellar dimensions.  

  2.     Results and Discussion 

 We prepared an aqueous dispersion of GO from graphite pow-
ders by the modifi ed Hummers method [ 8,9 ]  and spin-coated GO 
onto a Si substrate having a 300-nm-thick oxide layer (denoted 

as a SiO 2 /Si substrate hereafter). The spin-coated GO shows 
overlapped fl akes having a thickness of ≈1 nm (Figure S1a, 
Supporting Information). Successive spin-coating provided con-
tinuous, two-dimensional GO fi lms with a large area. The thick-
ness was controllable by adjusting the concentration of the GO 
dispersion, the spinning speed, and the number of repeats of 
spin-coating. [ 39 ]  The spin-coated GO was then reduced to rGO 
using hydrazine as a reducing agent. The rGO fi lm showed a 
uniform surface with a thickness of ≈2.3 nm (Figure S1b, Sup-
porting Information). On such an rGO fi lm, we synthesized 
arrays of Au nanoparticles which are known to exhibit distinc-
tive catalytic activity compared to their bulk counterpart. [ 40 ]  

 We fi rst coated the surface of the rGO fi lms with a single 
layer of PS-P4VP (109 k–27 k) micelles with HAuCl 4 , the pre-
cursor of Au nanoparticles, in the P4VP cores. The AFM image 
in  Figure    1  a shows an array of spherical micelles without over-
lapping, implying a single layer of copolymer micelles. Then, 
we removed the copolymers by heating, which resulted in 
the generation of Au nanoparticles in the core regions of the 
micelles as shown in Figure  1 b. The spacing (≈111 nm) and 
number density (≈7.60 × 10 9  cm −2 ) of the Au nanoparticles 
measured by fast Fourier transformation (FFT) analysis are 
similar to those of the original copolymer micelles (≈118 nm 
and ≈7.62 × 10 9  cm −2 ), implying successful fabrication of an 
array of non-overlapped Au nanoparticles directly decorated on 
rGO with preservation of the order of the copolymer micelles. 
It is worthwhile to note that Au nanoparticles with well-defi ned 
spacing and without agglomeration could not be easily synthe-
sized on rGO by either in situ or ex situ methods.  

 In the XPS analysis of the nanoparticles (Figure S2a, Sup-
porting Information), no peaks associated to oxides were 
observed, indicating pure Au nanoparticles. We note that the 
free energy of formation of Au oxides is positive and becomes 
more positive at elevated temperatures because of the positive 
enthalpy of formation of Au oxides and the negative entropic 
change for the oxidation reaction of metal elements. Thus, the 
formation of Au oxides at elevated temperatures is not favored. 
Because rGO fi lms can be delaminated from SiO 2 /Si substrates 
by exposing them to a solution of NaOH, [ 41 ]  we were able to 
transfer them onto a copper grid for TEM analysis. In Figure  1 c, 
we can clearly see non-overlapped Au nanoparticles with more 
or less regular spacing on the rGO fi lm whose edge is visible at 
the left side of the image. The Au nanoparticles have an average 
diameter of 11.0 m (±5.5 nm) (histogram in Figure  1 d) and a 
face-centered cubic crystalline structure (HR-TEM in Figure  1 c 
and selected area electron diffraction pattern in Figure S2b, 
Supporting Information). More importantly, this TEM image 
confi rms that the array of Au nanoparticles on the rGO was 
well maintained during the transfer process, suggesting that 
it is possible to transfer Au nanoparticles on rGO to any sub-
strate, including a hydrophobic glassy carbon electrode or a fl ex-
ible polymer fi lm (Figure  1 c). Moreover, no additional layer was 
observed on the surface of the Au nanoparticles in the HR-TEM 
image (Figure  1 c), indicating a pure Au surface, which is par-
ticularly suitable for catalytic applications. [ 42 ]  In addition, 
we obtained the height profi les of Au nanoparticles by AFM 
(Figure S3, Supporting Information). The clean and smooth Au 
surfaces were observed without any patches and residues, indi-
cating the absence of any extra layers on the Au surfaces. 
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 One of the merits of the diblock copolymer micellar 
approach to synthesize nanoparticles is the controllability of the 
number density and the size of the nanoparticles by adjusting 
the molecular weights of the copolymer. [ 35–38 ]  To demonstrate 
this controllability, we employed a lower molecular weight 
copolymer PS-P4VP (51 k–18 k) than previously utilized PS-
P4VP (109 k–27 k). We repeated the same procedure as before 
to synthesize Au nanoparticles on rGO fi lms. Because both core 
and corona are smaller than before, and they effectively govern 
the diameter and the spacing of the synthesized nanoparticles, 
respectively, the average diameter of the Au nanoparticles was 
reduced to 8.6 nm (±4.0 nm) ( Figure    2  d), and the spacing also 
decreased to ∼53 nm, which results in a 4.8-fold increase in the 
number density (≈3.62 × 10 10  cm −2 ). The more crowded nano-
particles are visible in the AFM (Figure  2 b) and TEM images 
(Figure  2 c). However, we still have a single layer of Au nano-
particles without agglomeration or overlapping. Thus, we were 
able to effi ciently produce rGO fi lms decorated with smaller Au 
nanoparticles in a higher number density.  

 Another merit of the diblock copolymer micellar approach 
is the synthesis of diverse nanoparticles by changing the pre-
cursors loaded into the cores of the copolymer. [ 32,36,38 ]  Thus, we 
were also able to fabricate rGO decorated with a single layer of 

iron oxide nanoparticles without agglomera-
tion by altering the precursor from HAuCl 4  to 
FeCl 3 , which were loaded in the P4VP cores 
of PS-P4VP (51 k–18 k) micelles (Figure S4, 
Supporting Information). 

 As we demonstrated, the diblock copol-
ymer micellar approach allows the decora-
tion of Au nanoparticles on rGO fi lms with 
controllable diameter and number density. 
Furthermore, when TEM samples were pre-
pared, the array of Au nanoparticles on rGO 
fi lms was not affected during the transfer, 
indicating that we can modify an electro-
chemical electrode by transferring rGO fi lms 
decorated with Au nanoparticles as they were 
made. Thus, we applied the rGO fi lms with 
Au nanoparticles to electrochemical reac-
tions, including ORR. 

 Before characterizing the ORR perfor-
mance, we investigated the general electro-
catalytic features of rGO decorated with Au 
nanoparticles by studying the redox reac-
tion of Fe(CN) 6  3−/4−  with electrochemical 
impedance spectroscopy (EIS) and cyclic 
voltammetry (CV). We fi rst modifi ed a glassy 
carbon electrode (GCE) by transferring the 
rGO fi lms with Au nanoparticles directly 
onto a GCE, as demonstrated with a fl ex-
ible poly mer fi lm as well as a TEM sample 
(Figures  1 c,  2 c). Hereafter, we denote Au 
nanoparticles synthesized from PS-P4VP 
(109 k–27 k) and PS-P4VP (51 k–18 k) as 
Au(109 k–27 k) and Au(51 k–18 k), respec-
tively. We again note that Au(51 k–18 k) has a 
smaller diameter with a higher number den-
sity than Au(109 k–27 k). 

 In the Nyquist plot of  Figure    3  a, the dia meter of a semicircle 
corresponds to the charge transfer resistance ( R  ct  in the equiva-
lent circuit) at the interface between electrodes and electrolytes 
during the electrochemical reaction. [ 43 ]  The rGO alone exhibits 
a semicircle with an electrical resistance of ≈191 Ω, whereas 
both rGO fi lms decorated with Au nanoparticles do not show 
semicircles as the GCE itself, implying very low resistances. We 
observed similar results when ITO electrodes were employed 
instead of a GCE (Figure S5, Supporting Information). Because 
rGO fi lms consist of fl akes, there could be a discontinuity in 
the fi lms due to defects of oxygen-containing functional groups 
such as hydroxyls and epoxides even after the reduction process 
of GO. [ 44 ]  Such discontinuity could cause a high resistance to 
charge transfer. However, the decoration of Au nanoparticles 
on rGO fi lms effectively revealed the decreased resistance, 
presumably by providing electrical connectivity between rGO 
fl akes. The low resistances of rGO with Au nanoparticles are 
advantageous for electrocatalytic applications.  

 Both rGO fi lms decorated with Au nanoparticles exhibited 
higher peak currents and smaller peak potential differences 
than rGO itself, as shown by the CV data of the redox reaction 
of Fe(CN) 6  3−/4−  (Figure  3 b), implying the enhancement of the 
electrocatalytic activities of rGO fi lms by Au nanoparticles. [ 45 ]  

Adv. Funct. Mater. 2014, 24, 2764–2771

 Figure 1.    a) AFM image of PS-P4VP (109 k–27 k) micelles on rGO; b) AFM image of Au nano-
particles synthesized from the micelles; c) TEM image of Au nanoparticles on rGO; d) the 
diameter distribution of the Au nanoparticles measured from the TEM image. The insets in (c) 
are the HR-TEM image of an individual Au nanoparticle and the photo of a transferred rGO 
fi lm with Au nanoparticles (the gray square) on a fl exible polymer fi lm.



FU
LL P

A
P
ER

2767

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

We also found that the peak current was linearly proportional to 
the square root of the scan rate, indicating that the electrochem-
ical reaction on the rGO fi lm decorated with Au nanoparticles is 
diffusion-controlled, that is, a kinetically fast process (Figure S6, 
Supporting Information). [ 46 ]  We note that Au(51 k–18 k) shows 
superior activity to Au(109 k–27 k), which can be attributed to 
the larger electrochemical surface of Au(51 k–18 k). Thus, we 
expect that decorating rGO fi lms with Au nanoparticles will be 
benefi cial for electrocatalytic applications, including the oxygen 
reduction reaction (ORR). 

 We further characterized the ORR performance of rGO 
fi lms decorated with Au nanoparticles under basic conditions 
(an oxygen-saturated KOH solution), which is relevant to prac-
tical applications such as fuel cells. [ 47 ]  Because the ORR is an 
irreversible reaction, a single peak current was detected at 
−0.34 V for rGO fi lms with Au nanoparticles, but not for rGO 
alone ( Figure    4  ). A high peak current implies not only effec-
tive transfer of a large number of electrons to oxygen mole-
cules but also reduction of more oxygen molecules in the time 
unit with the same number of electrons per oxygen mole-
cule. Thus, decorating rGO with Au nanoparticles increased 
the ORR activity of rGO. We verifi ed that the peaks were pri-
marily associated with the ORR by observing that the magni-
tude of the peak current depended on the oxygen content in 
the solution (Figure S7, Supporting Information). In Figure  4 , 

Au(51 k–18 k) shows a higher peak current 
(265 µA) than Au(109 k–27 k) (194 µA), 
indicating that more oxygen molecules can 
interact with smaller and denser Au nano-
particles available in the same area. There-
fore, we can attain high electrochemical 
performance with rGO fi lms decorated with 
Au nanoparticles. We note that similar results 
were also observed under acidic condi-
tions (an oxygen-saturated H 2 SO 4  solution) 
(Figure S8, Supporting Information).  

 To determine the effect of the Au nanopar-
ticles themselves (without rGO) on the ORR 
activity, decorating Au nanoparticles directly 
on a GCE is required. Without rGO fi lms, 
however, it is nearly impossible to synthesize 
well-defi ned Au nanoparticles on the surface 
of a GCE at the same level of quality as dem-
onstrated on rGO fi lms. An attempt to syn-
thesize Au nanoparticles directly on a GCE 
using copolymer micelles was not successful. 
The transferability enabled by rGO fi lms is 
necessary to decorate an array of Au nanopar-
ticles on the electrode. 

 Electrochemical analysis based on a 
rotating disk electrode (RDE) was also carried 
out to study the difference in ORR activities 
between two different Au nanoparticle cases, 
that is, Au(109 k–27 k) and Au(51 k–18 k). 
In this system, the Au nanoparticles, which 
were uniformly distributed on a single gra-
phene sheet, had pure Au surfaces without 
any extra layers and no additional material 
such as Nafi on was required to stabilize them 

on the rapidly rotating electrode. Therefore, we can assume 
that all Au nanoparticles were equally exposed to reactants, for 
example, oxygen in this case. Furthermore, we were able to con-
duct a rigorous electrochemical evaluation of the Au nanopar-
ticles on rGO fi lms owing to the unusual transferability of this 
system to the RDE. The rGO with Au nanoparticles transferred 
onto the RDE was confi rmed to be very stable; no decrease of 
the electrochemical activity after several repeats of the measure-
ment was observed. 

 In most cases, ORR electrocatalysts are evaluated on an RDE 
after being mixed with commercialized carbon and Nafi on 
as a stabilizer. This methodology can deteriorate the electro-
catalysts and deter the mass transfer by the aggregation and/
or agglomeration of carbon and nanoparticles. Furthermore, 
Nafi on is temperature dependent, which is a critical problem in 
the development of practical fuel cell systems. In this sense, the 
proposed system possesses a nearly ideal structure of the triple-
phase boundary for electrocatalysis. We used an rGO fi lm, on 
which all of the nanoparticles were exposed to the solution 
without any stabilizer. Calcination by heat treatment, as shown 
in Figure  1 c, and the absence of stabilizer ensured that all Au 
nanoparticles on the rGO were clean enough to maximize their 
electrocatalytic activity. 

 In the linear-sweep voltammetry (LSV) curves of  Figure    5  , the 
currents for both Au nanoparticles increased with an increase in 
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 Figure 2.    a) AFM image of PS-P4VP (51 k–18 k) micelles on rGO; b) AFM image of the Au 
nanoparticles synthesized from the micelles; c) TEM image of the Au nanoparticles on rGO; d) 
diameter distribution of the Au nanoparticles measured from the TEM image.
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the rotating rate because more reactants can reach the electrode 
at faster rotations. From the LSV data from −0.4 V to −0.5 V, 
we obtained Koutecky-Levich plots, that is, (current density) −1  
versus (rotating rate) −1 , which are shown in Figure  5 c. For 
clarity, only the plots at −0.45 V and −0.5 V are displayed. We 
can extract the number of electrons involved in the ORR from 
the slope of each plot. In the case of Au(109 k–27 k), the slopes 
were in the range of 1.7–2.3, indicating a dominant 2-electron 
process, that is, reduction of O 2  to H 2 O 2 . [ 48 ]  In contrast, we 
obtained slopes of 3.7–4.0 for Au(51 k–18 k), which implies a 
4-electron process,  i.e. , direct reduction of O 2  to H 2 O, which 
is desirable for practical applications. [ 48 ]  According to previous 
studies on the ORR with Au nanoparticles, the occurrence of 
a 2- or 4-electron process is primarily dependent on the size 
of the Au nanoparticles. [ 19,49 ]  In addition, denser nanoparticles 
can have a higher probability to reduce the desorbed H 2 O 2  to 
H 2 O in the scheme of desorption, re-adsorption, and reduc-
tion. [ 50,51 ]  Au nanoparticles with a diameter smaller than 10 nm 
undergo a 4-electron process, which explains our observations: 

a 4-electron process for Au(51 k–18 k), having an average diam-
eter of 8.6 nm with a higher number density, and a 2-electron 
process for Au(109 k–27 k), having an average diameter of 
11 nm with a lower number density. [ 19,49 ]  We note that 2- and 
4-electron reactions could not occur completely independently 
because of the size distribution of the Au nanoparticles, as 
shown in Figures  1 d,  2 d. We also confi rmed the electrochem-
ical stability of the Au nanoparticles; there were no noticeable 
changes in the current of the ORR with Au nanoparticles at a 
constant potential of −0.6 V after 2 h (Figure S9, Supporting 
Information), although this condition is not related to an accel-
erated stress test protocol. Thus, we demonstrated that the 
controllability of the size of Au nanoparticles with copolymer 
micelles and the transferability of nanoparticles with rGO fi lms 
enabled the fabrication of rGO fi lms decorated with Au nano-
particles, which are suitable for practical ORR applications and 
exhibited a 4-electron reduction process.   

  3.     Conclusions 

 The approach with PS-P4VP copolymer micelles allowed the 
decoration of non-overlapping Au nanoparticles on rGO fi lms 
with controllable diameter and number density. These factors 
were effectively controlled by the molecular weights of the PS-
P4VP copolymer. The Au nanoparticles have a pure Au surface 
without extra layers. These rGO fi lms with Au nanoparticles 
were transferred onto a glassy carbon electrode without dete-
rioration of the array of Au nanoparticles. They showed high 
electrocatalytic activities in the redox reaction of Fe(CN) 6  3−/4−  
and the ORR. Furthermore, we were able to differentiate the 
ORR mechanisms of Au(109 k–27 k) and Au(51 k–18 k) by 
RDE analysis. Au(51 k–18 k) has a smaller diameter and mainly 
exhibited a 4-electron direct reduction pathway of O 2  to H 2 O. 
Thus, the controllability of the size of the Au nanoparticles 
with copolymer micelles and their transferability made the 
proposed system suitable for ORR applications. The electro-
catalytic activities were enhanced by the clean surfaces of the 
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 Figure 3.    a) Nyquist plots and b) cyclic voltammograms of Fe(CN) 6  3−/4− . 
The inset in (a) is an equivalent circuit to fi t EIS data, where  R  s ,  R  ct ,  Z  w , 
and CPE are the solution resistance, the charge transfer resistance, the 
Warburg impedance, and the constant phase element, respectively. The 
scan rate was 100 mV s −1 .

 Figure 4.    Cyclic voltammograms for ORR with rGO fi lms decorated with 
Au nanoparticles in oxygen-saturated 0.1  M  KOH solutions. The scan rate 
was 50 mV s −1 .
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Au nanoparticles on the rGO, which were prepared by calcina-
tion and stabilizer-free processes. It is possible to obtain arrays 
of various metal or metal oxide nanoparticles on graphene 
with tunable number density and size simply by changing the 
precursors and molecular weights of the diblock copolymer 
micelles. In addition, the facile, large-area synthesis of rGO 
fi lms decorated with nanoparticles would be an interesting 
target. The methodology of combining copolymer micelles 
and rGO fi lms can be extended to prepare various nanoparti-
cles on graphene in a controlled way, which has potential in 
numerous applications, including biosensors, supercapacitors, 
and electro- and photo-catalysts.  

  4.     Experimental Section 
  Diblock Copolymer Micelles Containing Precursors of Nanoparticles : We 

purchased two diblock copolymers of polystyrene-poly(4-vinyl pyridine): 
PS-P4VP (109 k–27 k) and PS-P4VP (51 k–18 k) from Polymer Source 
Inc. The number in the parentheses is the molar mass of each block 
in g/mol. The polydispersity index of both copolymers is 1.15. PS-P4VP 
diblock copolymers were dissolved in toluene, a strongly selective 
solvent for the PS block, with a concentration of 0.5 wt%. The solution 
was stirred for 24 h at room temperature and for 3 h at 85 °C and 
then cooled to room temperature. HAuCl 4  or FeCl 3 , precursors of gold 
and iron oxide nanoparticles, respectively, were added to the micellar 
solution. The molar ratio of precursors to pyridine units in the P4VP 
block was fi xed at 0.5 for both cases. The solution was stirred for at least 
7 days at room temperature. 

  rGO Films Decorated with Nanoparticles : Graphene oxides (GO) 
were synthesized by the modifi ed Hummers method as described 
elsewhere. [ 8,9 ]  GO powder was added to DI water (0.1 wt%), which was 
ultrasonicated for 2 h, followed by centrifugation at 3000 rpm for 1 h and 
removal of the precipitates, resulting in a yellow-brown homogeneous 
dispersion. A silicon wafer with a thermally grown oxide layer (300 nm 
in thickness) was cleaned in piranha solution (70/30 v/v concentrated 
H 2 SO 4  and 30% H 2 O 2 ) at 90 °C for 30 min, and thoroughly rinsed with 
deionized water several times, and then blown dry with nitrogen. On the 
cleaned substrate, a continuous GO layer was spin-coated fi ve times 
at 2000 rpm for 30 s and dried in a vacuum oven at 40 °C overnight. 
Chemical reduction of GO fi lms was carried out by hydrazine vapor. 
A fully dried GO fi lm on the substrate was placed in a jar containing 
hydrazine monohydrate (98%, Sigma-Aldrich) and heated at 160 °C for 
1 day. On this reduced graphene oxide (rGO) fi lm, a layer of PS-P4VP 
micelles containing the precursors of nanoparticles in their cores 
was spin-coated, typically at 2000 rpm for 60 s. To synthesize the 
nanoparticles along with the removal of the copolymer, the rGO fi lm 
decorated with the copolymer micelles was heated in air at 400 °C for 
30 min. 

  Transfer of rGO Films with Nanoparticles onto Various Substrates : 
Poly(methyl methacrylate) (PMMA) ( M  n  = 51 k, PDI = 1.06) was 
dissolved in toluene with a concentration of 1 wt% and spin-coated onto 
an rGO fi lm decorated with arrays of nanoparticles prepared on a silicon 
wafer having a thermal oxide top. An additional thick PMMA fi lm was 
drop-cast on top of the spin-coated PMMA. A droplet of NaOH solution 
(0.1  M ) was added to an edge of the substrate, which led to delamination 
of the rGO fi lm from the substrate. The delaminated fi lm fl oated off onto 
deionized water and was transferred to a designated substrate such as 
a glassy carbon electrode or an ITO-coated glass for electrochemical 
measurements. The transferred fi lm was dried under ambient conditions 
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 Figure 5.    Linear sweep voltammograms for the ORR with rGO fi lms decorated with Au nanoparticles in oxygen-saturated 0.1  M  KOH solutions on a) 
Au(109 k–27 k) and b) Au(51 k–18 k); c) Koutecky-Levich plots. The scan rate was 5 mV s −1 . The numbers shown in the voltammograms are the rotating 
rates in rpm. The arrows indicate the scan direction. The background current in an oxygen-free solution was subtracted.
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overnight. For the removal of the PMMA supporting layer, the composite 
fi lm was heated in air at 400 °C for 30 min or immersed in acetone for 
1 h. 

  Electrochemical Measurements : Cyclic voltammograms, Nyquist plots, 
amperometry curves, and linear sweep voltammograms were obtained 
with a CHI 660A electrochemical workstation (CH instruments). For 
electrochemical measurements, glassy carbon plate electrodes (ALS 
Co.) and ITO-coated glass substrates were used. The geometric surface 
area was 0.28 cm 2 . A glassy carbon disk electrode with a diameter of 
5 mm (Pine Research Instrumentation) was employed as a rotating 
disk electrode (RDE). Glassy carbon and rotating disk electrodes 
were carefully polished with alumina powder and rinsed with double 
distilled water to remove alumina residues. A platinum wire was used 
as a counter electrode and Ag/AgCl as a reference electrode. 0.01  M  
phosphate buffered saline (PBS) containing 5 m M  of Fe(CN) 6  3−/4−  (1:1) 
was used for electrochemical characterizations. Nyquist plots were 
recorded at the equilibrium potential of Fe(CN) 6  3−/4−  over the frequency 
range of 0.5 to 1000 Hz. The impedance data were analyzed using 
Zsimpwin 3.0 software (Echem Software). 

  Characterization : rGO fi lms, PS-P4VP micelles, and rGO fi lms 
with nanoparticles were analyzed using a Multimode 8 atomic 
force microscope (AFM) with a Nanoscope V controller (Bruker) in 
tapping mode with Al-coated Si cantilevers. For transmission electron 
microscopy (TEM), rGO fi lms with nanoparticles were fl oated off from 
the substrate onto deionized water by delamination with NaOH solution, 
as described above, and collected on carbon-coated copper TEM grids. 
TEM was performed on a Hitachi 7600 operating at 100 kV, a JEM-2100 
(JEOL) at 200 kV, and a JEM-3010 (JEOL) at 300 kV. X-ray photoelectron 
spectroscopy (XPS) was performed using a Sigma Probe (ThermoVG) 
with a monochromatic Al K α  X-ray source operating at 100 W.  
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