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Abstract

Thiol-functionalized reduced graphene oxide (SRG) was prepared by coupling
the carboxyl group on the pre-carboxyl-functionalized graphene oxide (GO) with
cysteamine through amide bond. The as-prepared SRG can function both as a support
and reducing agent for the formation of Au/SRG nanohybrid with evenly distributed
Au nanoparticles on RGO. The thiol linkage on the RGO can act as anchor for Au
nanoparticles and due to the existence of the strong interaction between them, the
agglomeration of Au nanoparticles can be significantly impeded. The step-by-step
assembly process of Au/SRG nanohybrid was monitored and the products obtained
were characterized by Fourier transform infrared spectroscopy (FT-IR), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), X-ray absorption near-edge
spectroscopy (XANES), atomic force microscopy (AFM), powder X-ray diffraction
(XRD), transmission electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM). The as-prepared Au/SRG nanohybrid showed
superior catalytic performance for the hydrogenation of 4-nitrophenol (4-NP) to
4-aminophenol (4-AP). It is expected that the method in the preparation of Au/SRG
nanohybrid can also be applied to the preparations of other RGO-based nanohybrid

materials which may find a variety of interesting applications.
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1. Introduction

Gold was considered for a long time to be catalytically inactive." However, ever
since the pioneering work by Bond, Hutchings, Haruta, Prati and Rossi, the catalysis
based on Au nanoparticles have attracted extensive research interest.”” Gold
nanoparticles have been reported to be very active catalyst for a variety of chemical
transformations, such as diverse selective oxidations of hydrocarbons,é'8 selective

B 14 additions to multiple C-C

hydrogenation,g'12 low-temperature CO oxidation,
bonds'® and so on. Since Au nanoparticles easily aggregate due to their high surface
energy, they are usually anchored on a variety of supports for heterogencous catalysis,
including polymers, metal oxides, carbon materials, etc.'*' Although there still has
much controversy concerning the nature of the active sites of gold nanoparticles
catalysts, it has been accepted that the size, dispersion level of the nanoparticles, the
interaction between Au nanoparticles and the support are the key parameters
determining the performance of the supported Au nanoparticles.

Carbon-based nanomaterials such as carbon nanotubes, graphene and
mesoporous carbon are important supports for the metal nanoparticles in
heterogeneous catalysis.”*?° Among them, graphene, a novel one-atom-thick
two-dimensional graphitic carbon system, has attracted particular research interest due
to its high surface area, excellent mechanical, thermal and electrical properties.”’>*
Although the anchoring of metal nanoparticles on the pristine graphene is difficult,
reduced graphene oxide (RGO) which contains different oxygen groups directly
bound to the carbon skeleton of a two-dimensional graphene-derived backbone is an
ideal support for anchoring the metal nanoparticles. The surface oxygen
functionalities in RGO can serve as reactive sites for the direct nucleation and growth
of metal nanoparticles on the RGO surface. However, due to the unevenly distribution
of these oxygen functionalities at the surface, the dispersion of the thus prepared
metal nanoparticles at the graphene surface are not even.”> To achieve a better
distribution of metal nanoparticles, both non-covalent and covalent methods have
been applied in the modification of the RGO surface. For example, polymers like PVP,
PDDA and so on have been used to modify the graphene surface through electrostatic
forces for deposition of Ag, Au and other noble metal nanoparticles.’®*” Chemical
modifications on the RGO surface have also been carried out by different reaction

types, e.g., electrophilic substitution, nucleophilic substitution, condensation and

addition.*®*° The covalent functionalizations on RGO allow the introduction of a wide
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range of functional groups at the surface which can provide stronger bonding to metal
nanoparticles by organic linkers and also prevent the agglomeration of the
nanoparticles. For example, it has been reported that thiol group on the support can
boost up the interaction between support and Au nanoparticles due to the good
stability of the Au—S bond.

In this manuscript, a step-by-step method has been developed to prepare evenly
distributed ~ Au  nanoparticles at  surface  thiol-functionalized = RGO.
Thiol-functionalized RGO was prepared by coupling the carboxyl group on the
pre-carboxyl-functionalized graphene oxide surface with the amine group in
cysteamine by the condensation agent N,N-dicyclohexylcarbodiimide (DCC).
Although this coupling method to form the thiol functionalized surface has been

widely used on carbon nanotubes,*" **

it application in the preparation of thiol
functionalized RGO surface is limited.” The as-formed thiol functionality on the
surface of RGO can further be utilized as a reducing agent to reduce AuCly and the
existence of the strong Au-S interaction results in the formation of well-dispersed Au
nanoparticles at RGO surface. The as-prepared Au/SRG nanohybrid shows superior
catalytic performance for the selective hydrogenation of 4-nitrophenol (4-NP) to the
corresponding 4-aminophenol (4-AP). Moreover, the catalyst can easily be separated
from the reaction mixture through phase separation and simple filtration for recycling.
The step-by-step method in the preparation of Auw/SRG nanohybrid is expected to be
applied to the preparations of other RGO-supported noble metal nanoparticles with
good distribution, uniform particle size and superior catalytic activity.

2. Experimental section

2.1. Materials. Graphite flake (99.8%, 325 mesh) was provides by Alfa. Chloroacetic
acid and cysteamine were provided by Aladdin. N,N-dicyclohexylcarbodiimide (DCC)
and anhydrous N,N-dimethylformamide (DMF) were purchased from Sigma Aldrich.
All the reagents were used without further purifications.

2.2. Preparations

Graphene oxide (GO). GO was prepared from graphite flake by a modified
Hummers method.** In brief, the graphite flake and NaNO; were added to cooled 98
wt% H,SO4 under stirring, followed by a gradual addition of KMnQO,. The mixture
was continuously stirring at room temperature for 5 days. After that, the reaction was
diluted by slow addition of H,O and terminated by addition of 30% H,0, solution.
The product was collected by centrifugation and washed repeatedly with diluted HCL.

4
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The resultant GO was suspended in water to give a brown dispersion and subjected to
dialysis to completely remove the residual salts and acids.
Carboxyl-functionalized graphene oxide (GO-COOH). GO-COOH was prepared
following a modified method reported by Sun et al.*¥ 1.2 g of NaOH and 1.0 g of
chloroacetic acid were added to a GO suspension. The mixture was then sonicated for
3 h to convert the hydroxyl groups to carboxyl groups. This was followed by
neutralizing the solution. After purifying the products by repeated rinsing and
filtrations, the resulting GO-COOH was collected for further use.
Thiol-functionalized reduced graphene oxide (SRG). In the thiolation reaction, the
carboxyl groups in GO was coupled to the amido groups of cysteamine through
amidation. An anhydrous DMF solution containing GO-COOH was mixed with 1 M
DCC and a stoichiometric amount of cysteamine in ice-bath. The mixture was
sonicated for 1 h and then stirred for 24 h under a nitrogen atmosphere. The resultant
SRG was washed with ethanol, filtered and then dried.
Au decorated thiol-functionalized reduced graphene oxide (Au/SRG). 50 pL of 1
wt% HAuCl, aqueous solution was added to 20 mL of SRG dispersion solution under
stirring. After 1 h, the resulting product was collected by centrifugation and washed
several times with pure water.
Thiol-capped Au nanoparticles. The thiol-capped Au nanoparticles were prepared
according to a literature method.*® 100 mL of 0.10 M cysteamine was added to
Img/mL aqueous metal chloride solution (HAuCly * 3H,0, 200puL). After stirring for
20 min at R.T., 0.01 mL of 10 mM NaBH; was added, and the mixture was
vigorously stirred in the dark. After 30 min, the product was collected by
centrifugation, washed with Milli-Q water three times, and finally re-dispersed in 20
mL water. The Au nanoparticles suspension has a light gray color with the maximum
absorption at 540 nm.
2.3. Characterizations

Fourier transform infrared spectroscopy were recorded in transmittance mode
with a resolution of 4 cm ' using a Nicolet Nexus 670 FTIR spectrometer. Powder
X-ray diffraction (XRD) data were collected using a Bruker D8 Advance X-ray
diffractometer (Cu-Ko, irradiation, A = 1.5406 A). Atomic force microscopy (AFM)
image was obtained using an Auto-Probe CP/MT scanning probe microscope

(XE-100(PSIA). X-ray photoelectron spectroscopy (XPS) measurements were
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performed on a PHI Quantum 2000 XPS system with a monochromatic Al K, source
and a charge neutralizer. All the binding energies were referred to the C 1s peak at
284.8 eV of the surface adventitious carbon. Raman spectroscopy was performed
using an invia-Reflex Micro-Raman Spectroscopy system (Renishaw Co.) with 532
nm line of an Ar ion laser at room temperature. The X-ray absorption near-edge
spectroscopy (XANES) was collected in Shanghai Synchrotron Radiation Facility
(SSRF) with a Si (311) double-crystal monochromator in fluorescence mode. The
source of BL14W1 is a 38-pole wiggler device with maximum magnetic field 1.2 T
and magnet period 80 mm. The storage ring was operated at 3.5 GeV with injection
currents of 100 mA. The transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM) images were measured
by a JEOL model JEM 2010 EX instrument at an accelerating voltage of 200 kV. The
powder particles were supported on a carbon film coated on a 3 mm diameter
fine-mesh copper grid. A suspension of the sample in ethanol was sonicated and a
drop was dripped on the support film.
2.4. Catalytic experiments

To study the catalytic activity, 20 mg catalyst was dispersed in 20 mL 1 mM of
4-nitrophenol aqueous solution at room temperature. Then a freshly prepared equeous
solution of 0.4 mL 2 M NaBH,4 was added. The reduction performing in the at 1 min
intervals was monitored by the UV-vis absorption spectra in the range of 250-550 nm.
3. Results and discussion

The step-by-step assembly of the Au/SRG nanohybrid through a covalent thiol
linkage is shown in scheme 1. The first step in the preparation involves the chemical
oxidation and exfoliation of graphite to graphene oxide (GO) sheets by the modified
Hummer’s method. The successful formation of exfoliated GO has been confirmed
from both the XRD and AFM measurements. As shown in Fig. 1a, after oxidation, the
sample shows a well-defined diffraction peak at 20 = 10.2°, indicative of good layer
regularity with a repeating interlayer distance of 0.80 nm. Instead, the original
diffraction peak at 20 of 26.2° corresponding to (002) plane of graphite disappears.
The AFM of the sample reveals that the dimension of the resultant GO sample is ca. 2
pum and has a topographic height of about 0.8 nm, indicating that the resultant sample
has a single-layer structure (Fig. 2).

The second step is the carboxylation of the single-layer GO by chloroacetic acid

to convert the surface epoxide and hydroxyl groups to carboxylic acid (-COOH)
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moieties. The FT-IR spectra of the resultant GO-COOH shows peaks at 1712 cm’
and 1570 cm’, corresponding to the surface C=0 from carboxyl group and C=C
respectively (Fig. 3b).* As compared to that of the original GO, the peak at 1712
cm’ significantly increases, while the peaks at 1349 ecm™ and 1055 cm™ which
correspond to the -OH and C—O moieties on the surface decrease obviously (Fig. 3a).
This indicates that the surface hydroxyl and epoxide groups on surface of the original
GO have been successfully transformed to the carboxyl group during this process.
The Raman spectrum of the resultant GO-COOH shows typical D band at 1352 cm™
and G band at 1592 cm’, corresponding to the breathing mode of sp” carbon and
graphitic sp>-bonded carbon respectively.*” The intensity ratio of D and G band (Ip/Ig
ratio) for the resultant GO-COOH is determined to be 0.95, comparable to that
observed over the original GO (Ip/Ig=0.96) (Fig. 4a and b). Since the ratio of Ip/Ig is
an indicator for the extent of defects in the graphene-based materials, the comparable
Ip/Ig ratio observed over GO-COOH and the original GO suggests that the
carboxylation process does not induce defects in the resultant GO-COOH.

To prepare the thiol functionalized reduced grapheme oxide, the condensation
agent DCC was used to couple the carboxyl group on the GO-COOH surface with the
amine group in cysteamine. DCC has been widely used in the formation of
polypeptide from the condensation of amino acids. Recently, the application of DCC
as the dehydration agent in the formation of amides from amine and carboxyl acids
under mild condition has also been reported.”’ The FTIR spectrum of the resultant
thiol functionalized SRG shows typical amide I band at 1650 cm™ and amide II band

4345 Wwhich confirms the formation of the amide bond

at 1517 cm™ respectively,
between the surface carboxyl groups and amine group in cysteamine (Fig. 3c).

The formation of amide bond has also been confirmed by the XPS spectra. As
shown in Fig. 5a, the XPS in the N1s region shows peaks at 400.1 eV, in agreement
with the binding energy of the nitrogen in amide bond.* The XPS spectra in the S 2p
region show peaks at 163.9 and 165 eV, corresponding to the S 2ps, and S 2pip, a
confirmation that the sample is surface functionalized with thiol group (Fig. 5b). The
peak in the O 1s region in XPS spectrum can be deconvoluted to 531.1 eV, 532.0 eV
and 533.5 eV, which can be assigned to C=0, C-O and O-H respectively (Fig. 5¢). As
compared to original GO, the peak of O-H has dramatically decreased due to
carboxylation of the single-layer GO. Similarly, the C 1s peaks can also be

deconvoluted to peaks at 284.6, 285.2, 286.3 and 288.4 eV, assigned to C=C, C-S or
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C-N, C-0 and C=0, repectively (Fig. 5d). The reduction degree of GO defined as the
ratio of oxygen-bound carbon content in GO has also been determined based on the
XPS results following the equation:

O-bound C % = (Ac_otAo-c=0)/(Ac_ctAc_o0tAo-c=0) X 100%

where Ac.c, Aco, and Ap_c-o are the peak areas in the XPS spectra for the
sp*-hybridized (C—C) and O-bound (C-O and O—C=0) carbon, respectively.*® It is
found that after the coupling reaction, the O-bound C content decreases from the
original 55% in GO to 27% in SRG, indicating that the coupling reaction also leads to
partial reduction of GO. This observation is not surprising since generally the thiol is
a reducing agent. The partial reduction of GO by the thiol group would inevitably
generate defects in GO. This is also confirmed from the Raman result. The Raman
spectra of the thiol functionalized GO show D band at 1352 cm™ and G band at 1572
cm™ respectively (Fig. 4c). The Ip/lg ratio increases from the original 0.95 for
GO-COOH to the 1.05 in thiol-functionalized GO, indicating that the coupling
process to form the thiol functionalized GO has resulted in the increase of defects.*’
All the above characterizations indicate that cysteamine is grafted on the surface of
GO-COOH through the formation of amide linkage.

Since that thiols are strong reducing agents and the strong affinity of thiol group
to noble metal, especially gold, has been well documented in literature,*”" the
addition of HAuCly solution into the as-formed SRG is expected to form the Au
nanoparticles on the SRG surface. The XRD pattern of the Au/SRG sample prepared
by stirring the SRG suspension in the presence of HAuCly for 1h shows the diffraction
peaks at 20 of 24.3°, 38.1° and 44.3° (Fig. 1¢). The peak at 24.3° can be indexed to the
(002) crystal face of functionalized graphene oxide, while the other two peaks can be

ascribed to (111) and (200) planes of Au in face centered cubic (fcc) structure. This

confirms that Au nanoparticles have been successfully obtained on the surface of SRG.

The XPS spectra of Au/SRG in Au 4f region show obvious peaks at 87.7 eV and 84.0
eV, attributed to 4f;, and 4fs, of Auo, and peaks at 88.5 eV and 84.8 eV,
corresponding to 4f7, and 4fs), of Au’ (Fig. 6a). The ratio of A’ to Au' is determined
to be 24:1, indicating that most of the Au’" has been reduced to Au’. As compared to
the pristine SRG, the XPS spectrum in the S 2p region can be deconvoluted into two
spin-orbit doublets for S-H (163.9 and 165 eV) and S-Au (162 and 163.1 eV), which

can be assigned to S bonding to gold nanoparticles and the free thiol groups,

Page 8 of 27



Page 9 of 27

RSC Advances

respectively (Fig. 6b). *2 On the contrary, the XPS spectra of C 1s, O 1sand N 1s do
not change obviously, suggesting that the deposition of Au nanoparticles do not
significantly influence of the property of the RGO substrate (Fig. 6¢c-e). Similar
results could be obtained from the Au Ljj-edge X-ray absorption near-edge
spectroscopy (XANES) of Au/SRG (Fig. 7). The characteristic three-peak pattern
following the edge jump at about 11.919 keV indicates the presence of the Au” in a
fce structure.”’ As compared with that of Au foil, a slight increase of the first two
peaks after the edge jump could be found, which is caused by the minority Au" that
connected with S-H in Aw/SRG. The Raman spectrum of the Au/SRG shows D band
at 1352 cm™ and G band at 1592 cm™ with a Ip/lg ratio of 1.04 (Fig. 4d). The
comparable Ip/Ig ratio observed over Au/SRG and pristine SRG (Ip/Ig=1.05) indicates
that the reduction and deposition of Au nanoparticles does not induce defects on the
SRG substrate. The TEM image of Au/SRG shows clearly that Au nanoparticles are
evenly deposited on the surfaces of SRG sheets (Fig. 8a). More than 90% of the Au
nanoparticles fall in the size range of 15-20 nm with the mean particle diameter
determined to be about 17 nm (Fig. 8c), in good agreement with that determined from
the XRD result (16 nm). Clear lattice fringes of d = 0.235 nm is observed in the
HRTEM image, which matches well with the (111) planes of fcc Au (Fig. 8b). The
deposited Au nanoparticles can stand prolonged sonication, indicating that such a
step-by-step method can lead to robust and evenly deposited Au nanoparticles on the
SRG surface.

Since Au nanoparticles exhibit excellent catalytic activity for the hydrogenation,
the catalytic activity of the as-prepared Au/SRG nanohybrid was evaluated by the
hydrogenation of 4-nitrophenol (4-NP) in the presence of NaBH,.>> 4-Nitrophenol,
which is typically found in industrial products and agricultural waste waters, is
harmful and hazardous. In addition, the selective hydrogenation of 4-NP to the
corresponding 4-aminophenol (4-AP) is known to be one of the fundamental reactions
for the synthesis and manufacture of fine and industrial chemicals. Usually this
reaction is achieved in the presence of metal nanoparticles, which can catalyze the
reaction by facilitating electron relay from the donor BH4 to the acceptor 4-NP to
overcome the kinetic barrier.”® Since 4-NP shows a typical absorbance peak at 400 nm,
the hydrogenation of 4-NP to 4-AP can decrease the intensity of the peak at 400 nm
while a new absorption peak at 300 nm corresponding to 4-AP can develop. As shown

in Fig. 9a, when Auw/SRG was added into the solution containing 4-NP and NaBH,,

9



RSC Advances

the intensity of the strong absorption peak at 400 nm gradually decreased and within 4
mins, the whole peak disappeared. In the meantime, a new absorption peak at 300 nm
appeared with its intensity increased gradually during this period. This indicates that
in the presence of Au/SRG, NaBH,4 can hydrogenate 4-NP to 4-AP, and no other
by-products have been observed. However, almost no decrease of the peak at 400 nm
was observed over pure NaBH4, suggesting that the hydrogenation of 4-NP in the
presence of pure NaBH4 can be neglected. Similar hydrogenation of 4-NP in the
presence of support-free thiol-capped Au nanoparticles was more slowly and a
complete conversion of 4-NP to 4-AP was not achieved even after 5h reaction (Fig. 9a
inset). The low catalytic activity observed over the support-free thiol-capped Au is
due to the aggregation of Au nanoparticles in the reaction system. Remarkably, the
turnover frequency (TOF) for 4-NP hydrogenation over Au/SRG is calculated to be
60 h”', much higher than that over polygonal Au nanoparticles (0.4 h™),** one of
conventional catalyst for 4-NP hydrogenation. Au/SRG also show enhanced activity
as compared to Au nanoparticles supported on a variety of supports,” like
PDMAEMA-PS, PNIPAP-b-P4VP, chitosan-coated iron oxide, a-cyclodextrin and
graphene oxide, indicating that the thiolated RGO support plays an important role in
enhancing the catalytic activity of 4-NP hydrogenation. The increase of the catalytic
activity may be due to the following. (i) The thiolated RGO can act as a support for
Au nanoparticles and promote the Au-mediated electron transfer from BH4™ to 4-NP
due to its high electronic conductivity; (ii)) A high concentration of 4-NP can be
adsorbed on the thiolated RGO via n-w stacking interactions, which is beneficial to the
catalytic reaction; (iii) As compared with bare Au nanoparticles, thiolated RGO can
offer an environment to prevent the aggregation of Au nanoparticles due to the
existence of the Au-S bond, which can help the catalyst to maintain its long term
activity.

By assuming the reaction to be pseudo-zero-order56 which is reasonable because
the concentrations of 4-nitrophenol and NaBH, largely exceeded those of the catalysts,
the catalytic rate constant (k) could be determined from the curve plotted of the
concentration of 4-nitrophenol Ci, ie, the absorbance versus reaction time (t). As
shown in Fig. 9b, a good relationship can be built between C; and t and the
corresponding k calculated from the linear slope was 0.5 mM min" for Au/SRG
nanohybrid.

The stability of the Au/SRG nanohybrid for the catalytic hydrogenation of 4-NP

10
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has also been investigated. As shown in Fig. 10a, Au/SRG nanohybrid shows almost
similar catalytic activity for the hydrogenation of 4-NP over five cycles of use. In
addition, the catalyst after the reaction shows similar XRD patterns as that of the fresh
one, indicating that the metallic state of Au is still kept (Fig. 10b inset). The TEM
image of the sample after the catalytic reaction shows that Au with the same size
distribution is still evenly dispersed on the surface (Fig. 10b). All these suggest that
the Au/SRG nanohybrid is an active, robust and reusable catalyst for hydrogenation of
4-NP.
4. Conclusions

An efficient method in the preparation of thiol-functionalized RGO has been
developed. Evenly dispersed Au nanoparticles on RGO can be obtained by using the
thiol-functionalzied RGO as a reducing agent as well as a support. The thiol linkage
on the RGO can act as anchor for Au nanoparticles and due to the existence of the
strong interaction between them, the agglomeration of Au nanoparticles can be
significantly impeded. The as-prepared Au/SRG nanohybrid shows superior catalytic
activity and high stability for the selective hydrogenation of 4-NP to the
corresponding 4-AP. It is expected that the step-by-step method in the preparation of
Au/SRG nanohybrid can also be applied to the preparations of other RGO-based
nanohybrid materials which may find a variety of interesting applications.
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Captions for Figures
Fig. 1 XRD patterns for (a) GO, (b) SRG and (c) Au/SRG nanohybrid.

Fig. 2 AFM images and cross-section analysis of GO suspension obtained, deposited
on freshly cleaved mica substrates.

Fig. 3 FTIR spectra of (a) GO, (b) GO-COOH, (c) SRG and (d) Au/SRG nanohybrid.
Fig. 4 Raman spectra of (a) GO, (b) GO-COOH, (c) SRG and (d) Au/SRG
nanohybrid.

Fig. 5 XPS spectra in (a) N 1s region, (b) S 2p region, (c) O 1s region, (d) C 1Is region
and (e) survey for SRG.

Fig. 6 XPS spectra in (a) Au 4f region, (b) S 2p region, (c) C 1s region, (d) O s
region, (¢) N Is region and (f) survey for Au/SRG nanohybrid.

Fig. 7 XAFS normalization absorption spectra for Au foil and Au/SRG.

Fig. 8 Images of Au/SRG nanohybrid (a) low magnification TEM image; (b) HRTEM
image; (c) the size distribution of supported Au nanoparticles.

Fig. 9 Time dependent UV-vis absorption spectra for the catalytic hydrogenation of
4-NP by NaBH, in the presence of (a) Au/SRG nanohybrid and thiol-capped Au
nanoparticles (insert). (b) Comparative plots of C; vs. time for Au/SRG nanohybrid
towards the hydrogenation of 4-NP by NaBH,.

Fig. 10 (a) Cycling runs in the catalytic hydrogenation of 4-NP over Au/SRG
nanohybrid. (b) TEM image and XRD pattern (inset) of Au/SRG nanohybrid after the
catalytic cycling runs.

Scheme 1 Step-by-step assembly of Au/SRG nanohybrid.
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 7
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Fig. 8
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Fig. 9
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Fig. 10
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