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Graphene and its derivative, graphene oxide (GO) have been substantively used as the main framework for dispersing or building
nanoarchitectures because of their excellent properties in electronics and catalysis. The requirement to obtain superior gra-
phene-metal hybrid nanomaterials has led us to explore a facile way to design 4-aminobenzenethiol/1-hexanethiolate-protected
gold nanoparticles (aAuNPs)-functionalized graphene oxide composite (aAuNPs-GO) in solution. We demonstrate that when
aAuNPs with amino groups are exposed to GO, well-dispersed coverage of Au nanoparticles are mainly observed on the edge of
GO sheet. In contrast, when 1-hexanethiolate-protected gold nanoparticles (hAuNPs) without amino groups are exposed to GO,
hAuNPs simply aggregate on the surface of GO. This indicates that amino groups located on the surface of Au nanoparticles are
an essential prerequisite for attachment of nearly monodispersed aAuNPs. The strategy described here for the fabrication of
aAuNPs-GO provides a straightforward approach to develop graphene-based nanocomposites with undamaged sheets structure

and good solubility and also improve the conductivity of GO sheets evidently.
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The two-dimensional graphene was the last carbon allotrope
discovered in 2004 [1]. Graphene, a single layer of carbon
atoms packed in a honeycomb 2D structure, is a fundamen-
tal building block for 0D fullerenes, 1D nanotubes and 3D
graphite [2,3]. It is extremely promising for graphene to
become nanoscale building blocks of new nanocomposites
because of its unusual nanostructure and extraordinary elec-
tronic properties [4—7]. One possible way to make use of
these properties for applications would be to introduce met-
al nanoparticles onto graphene sheets [8,9]. These new car-
bon nanocomposites could not only show unique perfor-
mance of metal nanoparticles [10] and grapheme [2,11-13],
but also potentially show extra novel properties due to the
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synergistic effect of metal nanoparticles and the thin atomic
carbon layer [8,14-17]. Interestingly, metal-fullerene or
carbon nanotubes (CNT) composites have been studied for
several years due to their fascinating properties. For exam-
ple, Au nanoparticles have been successfully attached to Cg
with several methods [18-20]. CNT-Al;; cluster system was
designed for molecular recognition [21], single-walled car-
bon nanotubes/iron oxide nanocomposite was used as ima-
ging agents [22] and several kind of carbon nanotube-Au
nanocomposites with new properties have also been pre-
pared [23-26]. Like fullerene or carbon nanotubes-based
composite, the combination of graphene and metal nanopar-
ticles may result in some useful carbonaceous materials for
in-demand applications in industry [8].

Graphene-metal composites are usually obtained by re-
duction of the corresponding metallic (e.g. AuCl,", PdCl,*>
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or PtCl42") ions by ethylene glycol [8], NaBH, [16] or hy-
drazine hydrate [9] in the presence of soluble graphene ox-
ide sheets. It has been found that the electrical conductivity
of graphene oxide (GO) could be improved obviously by
chemical reduction [27]. Unfortunately, there are some lim-
itations for this method: first, the strong reducing agents
such as hydrazine has potential health hazard to person;
second, it is difficult to control the in situ growth of nano-
particles and it is also difficult to obtain metal decorated GO
because GO will be reduced as well during the reductive
process; third, most of the composites would tend to form
irreversible agglomerates due to the strong van der Waals
force between the thin carbonic layers, which make an ob-
stacle for further study and applications [28].

Herein, we explore a new approach for preparing wa-
ter-soluble aAuNPs-GO nanocomposite through the interac-
tion of amino groups on Au nanoparticles with a GO plane,
as illustrated in Scheme 1. Compared with previous routes
of fabrication, ours covers three quite unusual attributes:
first, the free NH, groups on aAuNPs can be further used;
second, the final nanocomposite preserved the functional
groups on GO, which endows the composite with solubility
in a variety of solvents and feasibility for further chemical
modification; and third, attaching aAuNPs to GO preserves
the structure of both. The design of proper graphene-based
nanocomposites and further study of their electronic and
catalytic character will probably open up new avenues for
applications.

1 Experimental
1.1 Chemicals

Except for 4-aminobenzenethiol and 1-hexanethiol (>96.0%,
TCI, Japan), all other reagent-grade chemicals were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
(SCRC), China, without further purification. Milli-Q water
(18.20 MQ cm resistivity) was used in the preparation pro-
cedure of GO and monolayer protected aAuNPs.

1.2 Synthesis of aAuNPs (0.045 mmol of SHC;H,NH,
and 0.045 mmol of CH;(CH,),CH,SH) and hAuNPs
(0.09 mmol of CH;(CH,),CH,SH)

Monolayer protected AuNPs were synthesized according to
our previous work [29].

1.3 Preparation of GO nanosheets

GO was made according to a modified Hummers method
[30]. In detail, about 20 g of graphite powder was put into
an 80°C solution of concentrated H,SO, (30 mL), K,S,0¢
(10 g), and P,Os (10 g). After 6 h, the resultant mixture was
allowed to cool to room temperature, and then was carefully
diluted with a large amount of Milli-Q water, filtered, and
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washed on the filter till the pH of rinsed water reached
neutral. The product was dried in air. Then 20 g of the pre-
oxidized graphite powder was put into 460 mL of cooled
(0°C) concentrated H,SO,4. Subsequently, about 60 g
KMnO, was added gradually with stirring and cooling. The
mixture was then stirred at 35°C for 2 h. After that, ul-
trapure water (920 mL) was slowly added and the mixture
was maintained for 15 min. The reaction was terminated by
addition of ultrapure water (2800 mL) and 50 mL, 30%
H,O, solution. The solid product was separated by filtering
and washed with 5000 mL, 1:10 HCI solution. Then, GO
product was suspended in Milli-Q water and sonicated for 2
h. The supernanant yellow-brown sol was subjected to dial-
ysis membrane (MWCO 8000-15000) with ultrapure water
to completely remove metal ions and acids followed by fil-
tering and dried at room temperature in a vacuum, forming
a shiny black and flexible paper-like material.

1.4 Synthesis of aAuNPs-GO and hAuNPs-GO

GO could be easily suspended in Dimethyl sulfoxide
(DMSO) due to epoxy and hydroxyl groups [31]. In our
experiment, 50 mg of as-prepared GO paper-like material
was dissolved in 50 mL of DMSO by sonication for 1 h,
forming a stable GO suspension. After that, 10 mL DMSO
solution containing 20 mg purified AuNPs (aAuNPs or
hAuNPs) was added while stirring the mixture strongly.
After addition of AuNPs, dark suspension of the mixture
was continually stirred by a Teflon-coated magnetic bar for
three days. For purification, the reaction mixture was cen-
trifuged and the precipitation was washed three times with
toluene. To completely remove the free AuNPs, the product
was sonicated in Milli-Q water for 30 min. Finally, the pure
supernanant aAuNPs-GO or hAuNPs-GO nanocomposite
solution was obtained through centrifuge followed by de-
cantation. The fabrication procedure is outlined in Scheme 1.

1.5 Characterization

Fourier transform infrared spectroscopy (FTIR) spectra
were collected on a Thermo Nicolet Avatar 370 FT-IR
spectrophotometer at a resolution of 4 cm™ and 32 scans in
absorption mode. Investigation of the structure was con-
ducted by transmission electron microscopy (TEM) using a
JEOL 2010 TEM instrument with an acceleration voltage of
200 kV. X-ray photoelectron spectroscopy (XPS) results
were recorded on a Multitechnique Electron Spectrometer
for Surface Analysis (Kratos Axis Ultra DLD, UK) using
monochromated Al Ko 15 kV, 10 mA as excitation source.
Colloidal suspension of GO was deposited on freshly
cleaved mica sheets for atomic force microscopy (AFM)
imaging. AFM imaging of GO was performed in tapping
mode on a Multimode Nanoscope III from Digital Instru-
ments (Veeco Metrology Group, USA). Raman spectra were
recorded on a LabRAM-1B micro spectrometer (France) with
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Scheme 1 Schematic illustration of the preparation procedure for aAuNPs-GO.

632.8 nm laser excitation. Electrochemical impedance (EIS)
experiments were carried out on a CHI 660b electrochemi-
cal workstation (CH Instruments, Chenhua Co., Shanghai,
China) by using a conventional three-electrode cell, includ-
ing a modified glassy carbon electrode as working electrode,
an Ag/AgCl (saturated KCI) electrode as reference electrode,
and a platinum wire as counter electrode, which was meas-
ured in the presence of 5.0 mmol/L Kj;[Fe(CN)¢l/Ky
[Fe(CN)g](1:1) mixed solution as a redox probe in 0.1
mol/LL KCI. The AC voltage amplitude was 5 mV and the
voltage frequencies ranged from 0.1 to 10* Hz.

2 Results and discussion

Single GO layer could be easily formed due to its high dis-
persion stability in water and some polar reagents, which
make it a promising candidate in applications such as pho-
tocatalysts [14], liquid crystal devices [32], and nanocom-
posites [8,27].

In the present study, we have succeeded in carrying out
decoration of GO with aAuNPs in DMSO, which is illus-
trated in Scheme 1. It starts with dispersion of GO in
DMSO, aAuNPs were then added and the mixture was al-
lowed to stir for three days at room temperature so as to
produce a dispersion of GO sheets linked with aAuNPs.

The morphology and structure of AuNPs and AuNPs-GO
composites were demonstrated through transmission elec-
tron microscopy (TEM). The sizes of hAuNPs and aAuNPs

(black dots) are in the range of 2—5 nm (Figure 1(a) and (c)).

aAuNPs-GO

TEM images also showed aggregation of hAuNPs on the
surface of GO (Figure 1(b)). Their weak adhesion could be
along with high mobility, although we do not thoroughly
understand why hAuNPs aggregate on GO platelets. Similar
findings have been previously reported on the surface of
carbon nanotubes [26]. In contrast to hAuNPs, aAuNPs are
mainly dispersed on the edge of GO sheets (Figure 1(d)).
We suggest that a Michael addition-like reaction between
NH, groups, which may act as a nucleophile located on the
surface of aAuNPs, and the double bonds of carbon plane
results in less surface mobility of aAuNPs and causes less
aggregation [30,31]. It is noteworthy that the size of
aAuNPs is almost unchanged before attachment to the sur-
face of GO.

Figure 2 shows atomic force microscopy (AFM) images
of GO and aAuNPs-GO composite. Tapping-mode AFM
was used to characterize GO (Figure 2(a)). From the height
profile, we can see that GO nanosheet has an average
thickness of 1 nm, which demonstrates the presence of indi-
vidual GO sheets in suspension [33]. And it is evident that
individual aAuNPs are coupled to a single-layer GO edge
that has plenty of carbonyl groups and conjugated double
bonds [34]. The line of interest in Figure 2(b) reveals that
aAuNPs-GO with height ca. 3.6 nm has been obtained in
our contribution, which indicates that the initial binding of
aAuNPs through addition reaction remains unaffected and
thus is likely to keep the morphology undamaged in the
composites.

X-ray photoelectron spectroscopy (XPS) was employed
to further investigate the interaction between aAuNPs and
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Figure 2 Tapping-mode AFM images and cross-sectional analysis of (a) GO and (b) aAuNPs-GO platelets dispersed on mica.

GO. Figure 3 shows the survey spectra of the samples and
higher resolution peaks of C 1s and Au 4f areas, respective-
ly. The C 1s core-level spectra of GO shown in Figure 3(a)
can be deconvoluted into three species at 284.8, 286.8, and
288.2 eV, respectively. Except for the characteristic gra-

phitic carbon peak at 284.8 eV, the other two peaks are as-
signed to epoxy/ether group (286.8 eV) and C=0O group
(288.2 eV) [35-37], respectively. After addition reaction,
the peaks at 286.8 and 288.2 eV decreased slightly relative
to that at 284.8 eV, which suggested C=0 and epoxy/ether
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groups were changed little during the bonding process. This
indicates that in this case, aAuNPs were homogeneously
coalesced onto GO plane mainly through the mechanism of
a Michael addition-like reaction without affecting other
functional groups, except for C=C bonds [38]. Figure 3(e)
further confirms the presence of Au in the aAuNPs-GO
composite. However, Au is absent in GO film. The data
here is consistent with the observations of TEM and AFM,
and again indicates the addition reaction.

For sp” carbon nanomaterials such as graphene, useful
information about crystallite size, clustering of the sp® phase,
the presence of sp>-sp’ hybridization and the introduction of
chemical impurities can be offered by Raman spectroscopy
[39]. Raman spectra further prove the structural change
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Figure 3 XPS survey spectra of (a) GO and (c) aAuNPs-GO; high-
resolution spectra in the region of (b) Cls of GO, (d) Cls of aAuNPs-
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Figure 4 Raman spectra of (a) aAuNPs-GO, (b) GO, and (c) graphite.
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before and after addition reaction. In all samples, two main
characteristic peaks are clearly observed (Figure 4), corre-
sponding to the D band and G band at 1326 and 1571 cm ™',
respectively. The D and G band intensity ratio shows the
carbon ratio of sp*/sp>, which is a measure of the extent of
disorder [40]. In our experiments, the D/G ratios of graphite,
GO sheets, and aAuNPs-GO are respectively 0.06, 1.17 and
1.27, reflecting the increase in structural disorder, which
provided more evidence for the occurrence of addition reac-
tion.

Further evidence of covalent bonding between aAuNPs
and GO sheets is revealed by Fourier transform infrared
(FTIR) spectra shown in Figure 5. The spectrum of GO is in
good agreement with previous work [31]. The most charac-
teristic features of GO are O-H stretching vibrations at
3397 cm™', C=O0 stretching vibrations from carbonyl groups
at 1732 cm™', carbon skeletal vibrations at 1628 ¢cm™ and
C-O stretching vibrations at 1079 cm ' in Figure 5(c). FTIR
spectrum of aAuNPs-GO differs from that of GO as proved
by the dramatic weakening of the peak at 1628 cm™. It
suggests that the addition reaction occupied some conju-
gated double bonds situated on the edge of GO so that the
C=C peak became weaker compared with GO, which is
consistent with TEM and AFM results. The peak at 2922
cm™' in aAuNPs-GO arises from CH, groups of alkyl chains
assigning to aAuNPs. Especially, a band at 1318 cm™ as-
signed to C—N stretching vibrations (vc.y binding with aro-
matic ring structure) of 4-aminobenzenethiol on Au [41].
These observations indicate that aAuNPs were successfully
introduced onto GO through covalent bonding. Furthermore,
the residual free NH, groups on aAuNPs can be used for
other molecular modifications.

Electrochemical impedance spectroscopy (EIS) is the
most straight-forward and crucial technique to reflect the
changes of electrical conductivity of an electrode/electrolyte
interface [42]. The good conducting feature of aAuNPs-GO
nanocomposite was obtained through EIS as shown in Figure
6. The Nyquist plot of EIS measurement presents a semicircle
correlated with charge transfer resistance and a straight
slopping line ascribed to mass transfer. It is observed

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™")

Figure 5 FTIR spectra of (a) aAuNPs-GO, (b) aAuNPs, and (c) GO.
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Figure 6 Nyquist plot for the electrochemical impedance measurements
in the presence of 5.0 mmol/L K;[Fe(CN)e]/K4[Fe(CN)s] (1:1) as redox
probe and 0.1 mol/LL KCl as supporting electrolyte: (a) aAuNPs-GO and (b)
GO modified electrodes.

that with introduction of aAuNPs the semicircle in the plot
was shortened, which indicates that the charge transfer re-
sistance on the interface and solid-state interface layer re-
sistance were decreased [43]. The additive of Au particles is
responsible for the increase in electronic conductivity of
aAuNPs-GO composite, though we do not know the detail
mechanism. The improved conductivity of aAuNPs-GO
nanocomposite would be beneficial to its electrocatalytic
application.

3 Conclusions

In summary, we have developed a facile and useful chemi-
cal approach to prepare aAuNPs-GO nanocomposites. In
our procedure, aAuNPs formed first and then were intro-
duced onto the two-dimensional planar structure, which is
beneficial for the following utilization of residual NH,
groups on aAuNPs. Furthermore, the binding of the parti-
cles retains good solubility of GO sheets. With further op-
timization of various parameters, such as the nanoparticle
type in the composite and the change in number of NH,
groups, aAuNPs-GO is expected to become a universal
platform for graphene-based nanocomposite research. In
addition, the high density of the Au core in the composite
could provide good contrast of the metal on the GO surface.
In the future, this will facilitate the recognition of GO in a
cellular environment. Therefore, our synthesized nanocom-
posites will also have potential applications as labeling
agents.
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