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A novel synthesis method was reported for the preparation
of silver/reduced graphene oxide (Ag/RGO) nanocomposites
via reducing AgNO; in a macroscopic RGO aerogel directly
through a convenient impregnation process. The as-prepared
RGO-supported Ag nanocrystal exhibited high activity in the
catalytic hydrogenation of 4-nitrophenol.

Ag has drawn great scientific interest due to its wide range of
applications such as in catalysis,1 surface-enhanced Raman
scattering studies,® sensor applications,3 and so on. In
particular, the reduction of 4-nitrophenol (4-NP) over Ag
nanocatalysts in the presence of NaBH, has been intensively
investigated for the efficient production of 4-aminophenol (4-
AP), which is well known as an important intermediate for the
manufacture of analgesic and antipyretic drugs,4 photographic
developer, corrosion inhibitor, anticorrosion- lubricant, and
hair-dyeing agent.5 However, due to their high surface energy,
Ag nanoparticles easily aggregate, resulting in a marked
reduction in their original catalytic activities. Hence, a variety
of supports including polymers, metal oxides and carbon
materials for Ag nanoparticles anchored on have been
extensively reported. For example, recently, we have prepared
Ag/poly(styrene-co-hydroxyethyl acrylate) nanoparticles and
investigated the influence of molar ratio of DEA/AgNO; on the
Raman enhanced performance and catalyze reduction
properties of Ag nanoparticles.2 Currently, with large surface
area and strong mechanical strength, graphene has been
successfully employed as a support to stabilize and disperse
metal nanoparticles.6 These graphene-based nanocomposites
with fascinating properties have attracted significant
research attention in catalysts and energy applications.6
Many approaches have been adopted to fabrication Ag-RGO
nanocomposites recently. For example, Ag nanoparticles
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were anchored on RGO by a surface modification techniqu
and phase transfer route®. Also, Ag-RGO hybrids can be
synthesised through reducing silver ions with variou.
reductants, such as N,N-dimethylformamideg, hydroquinonelo,
and luminal™. Those methods were demonstrated efficient for
the of Ag nanoparticles aggregation
improvement of its catalytic activities, but large amounts ¢.
solvent or complicated operations are always involved, which
greatly limits their broad application in reality. Therefore, it is
essential to search a convenient route for the synthesis of
Ag/RGO nanocomposites.

In this work, Ag/RGO nanocomposite was synthesized via a
facile impregnation method. The macroscopic RGO aerogel
could be obtained via a simple hydrothermal method and its
bulk structure was facilely impregnated into solutions of
AgNO; and NaBH, successively for formation of Ag/RC °
nanocomposite (Scheme. 1.). SEM and TEM showed the
aggregation of Ag nanoparticles were inhibited and two kinds
of the dominating average size distribution of Ag nanoparticles
were 40 + 5 nm and 5 + 3 nm, respectively. The obtained
Ag/RGO nanocomposite was then used to reduce 4-NP in the
present of NaBH, and high catalytic activity was demonstrated.

inhabitation and

Scheme. 1. Strategy for the synthesis of Ag/RGC
nanocomposite.
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Fig. 1. TEM image (A) and UV-Vis spectroscopy (the insert)
of GO; (B) The XRD patterns of the graphite, GO and RGO; (C)
The XRD patterns of RGO and Ag/RGO; (D) The Raman
spectrums of GO and Ag/RGO. XPS spectra of GO and Ag/RGO
nanocomposite [C 1s of GO (E) and Ag/RGO (F); Ag 3d of
Ag/RGO (G)]

Graphene oxide (GO), as precursor of RGO, was synthesised
as our recently reported method (Supporting Information, Sl).
Fig. 1A showed the TEM of GO, indicating its typical
transparent and two-dimensional morphology. Centred at 230
and 300 nm in UV-Vis absorption peaks of GO (the insert in Fig.
1A) were attributed to the transition of the C=C band and n-it*
transition of C=0 band, respectively.12 The FT-IR spectroscopy
of GO was shown in Fig. S1. Fig. 1B presented the XRD patterns
of graphite, GO and RGO. In Fig. 1B, the XRD pattern of GO
displayed a peak at 26=11°, which was much larger than the d-
spacing of graphite at 26=26.5°. This phenomenon verified
graphite had already been oxidized to GO.® After
hydrothermal process, 20=11° disappeared and a new peak
centred at 24.5°, corresponding to the d-spacing of graphene
at 0.38 nm appeared, suggesting the reduction of GO to RGO.
As shown Fig. 1C, the diffractogram of Ag/RGO showed the
peaks of 20at 38.1°, 44.3° 64.5° and 77.4° could be indexed to
the (111), (200), (220) and (311) planes of Ag, respectively.
Meanwhile, the characteristic diffraction peaks at 20=24.5°
appeared in Ag/RGO indicating RGO existed in the composite.
Notably, no another reflections were presented indicating
nanocomposite was purity.15 The Raman spectra of GO and
Ag/RGO nanocomposite were displayed in Fig. 1D. Two
marked GO Raman peaks could be seen at 1350 and 1590 cm'l,
which were aroused by the D band and G band, respectively.
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Both of them were also displayed in the Raman spectrum of
Ag/RGO nanocomposite. Compared with that of GO, tk-
intensity ratio of D to G increased significantly suggesting the
formation of RGO in Ag/RGO composite."® The Raman
spectrum of RGO aerogel was also investigated (Fig. S2.). Tl e
C1s peak of GO (Fig. 1E) consisted of three main components
arising from C-O (hydroxyl and epoxy, 286.5 eV), C-C/C=C
(aromatic rings, 284.5 eV) and C=0 (carbonyl, 288.5 eV)
groups, respectively.  After forming the Ag/RGO
nanocomposite, C-O and carbonyl groups (Fig. 1F) were
markedly reduced.”’ Ag 3d signals displayed in Fig. 1G
corresponding to binding energy of Ag supported the result
that Ag nanoparticles had been effectively assembled on the
surface of graphene nanosheets.™®

Fig. 2. SEM images of RGO aerogel with (A, B) and without (C)
Ag nanoparticles; TEM images of Ag/RGO (D, E) (HR-TEM
image of Ag nanoparticle was inserted in E).

The morphology and microstructure of the samples were
elucidated by SEM, TEM and HR-TEM. From the SEM image in
Fig. 2A, the RGO aerogel sample presented macroporous
structure with well-defined interconnected pores and vivi-'
wrinkles (Fig. 2B.). Both the widespread presence of oxygen
containing functional groups on RGO verified by XPS and
macrostructure with well-defined interconnected pores and
provided sites for Ag
nanoparticles anchored on, thus aggregation of Ag catalysts

wrinkles abundant attachment
would be inhibited resulting in its excellent catalytic activity.
SEM image of Ag/RGO nanocomposite (Fig. 2C) clearly showed
that the Ag particles featured a size of 40 + 5 nm anchored
uniformly on the RGO nanosheets, which was measured from
the SEM image (at least 50 particles) as our previously
reported.z’w’Zo
nm), the supported Ag nanocrystals could be hardly observed
in the SEM image. The TEM images in Fig. 2D and E revealed
that there were plenty of nano-clusters (5 + 3 nm) distributii.s

. However, owing to nanometer-order size (<1C

on the graphene sheets, which could be aroused by the
impregnation treatment.”! From the HR- TEM image (the insert
of Fig. 2E), the lattice fringe with interplanar spacing of 0.z
nm was well resolved, which could be assigned to the (111)
plane of the RGO-supported Ag nanocrystal. The plentifi-!
nano-particles and clusters implied that the RGO-supported ; g
excellent candidates as hydrogenation refining materials.

The reduction of 4-NP with NaBH, was performed to evaluate t e
catalytic activity of Ag/RGO nanocomposite. At the beginning, the
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intensity of the absorbance remained unchanged in the absence or
presence of NaBH, after 8 min as shown Fig. 3A and B. Fig. 3C was

Fig. 3. The hydrogenation of 4-NP in the presence of (A) without any
other things; (B) NaBH,; (C) NaBH, and RGO; and (D) NaBH, and
Ag/RGO. Photographs of dye solutions with or without Ag/RGO for
ca. 10min in the presence of NaBH, (E).

the UV-Vis spectra of 4-NP reduction in the presence of NaBH, and
RGO. The intensity of the absorbance also remained unchanged.
However, the addition of Ag/RGO nanocomposite led to a rapid
reduction of 4-NP (Fig. 3D.). The absorption of 4-NP at 400 nm
decreased, while a new peak simultaneously appeared at 300 nm
corresponding to 4-pp.* Further, in order to efficiently compare
the catalytic activities of Ag/RGO and other substrate-supported Ag
or Au nanocatalysts. The apparent rate constant (K) was calculated
by the following equation based on the pseudo-first-order reaction:
In(C/Co) = —Kt,23 where K, C,, and C, are apparent rate constant,
initial concentration and residual concentration of 4-NP at different
intervals, respectively. The apparent rate constant was determined
as 0.38952 min™ (Fig. S3.). To compare our result with literature
values, the ratio of apparent rate constant K to the total mass of the
catalyst (k=K/m, where K and m are apparent rate constant and the
mass of Ag calculated by ICP, respectively) was calculated. The
activity factor for Ag/RGO was k= 2939.3 min"'g™", which is much
larger than most of the Ag and Au based catalysts reported
previously (Table Sl.).m'28 The superior catalytic activity of Ag/RGO
composite might be caused by the following reasons. On one hand,
Ag nanoparticles with sizes from several to tens of nanometers
were anchored uniformly on the RGO nanosheets leading to
improvement of both numerous active sites and enormous specific
area. On the other hand, RGO provided abundant adsorption sites
due to m-mt stacking between 4-NP and RGO, causing a high
concentration of 4-NP near to Ag nanoparticles. Additionally,
recycling Ag/RGO composites was also investigated (Fig. S4.). After
undergoing three catalysis cycles, no obvious loss of activity was
observed, indicating the composites’ good durability. Three kinds of
dyes, methylene blue (MB), rhodamine (RhB) and methyl orange
(MO) were also used to test the ability of Ag/RGO to hydrogenation
dyes from water (Fig. 3E). The color of them faded to colorless
within 10 min, showing high catalysis efficiencies, too. The results
above presented that the Ag/RGO was the better candidate for
catalytic application.

Conclusions

This journal is © The Royal Society of Chemistry 20xx
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Ag/RGO nanocomposite was fabricated via macroscopic RGO
aerogel followed by a convenient impregnation reduction proce:-
for the first time. The small, highly concentrated, and uniformly
dispersed Ag nanoparticles offered a large surface area of active
the catalytic reaction. The obtained Ag/RCD
nanocomposite was promising for catalysis and sensor applications.
The method for preparing Ag/RGO nanocomposite was also
considered to be able to obtain some other RGO-based (multi-
Jmetal nanocomposites for fantastic properties.
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Graphical Abstract

Novel synthesis of Silver/Reduced Graphene Oxide nanocomposite
and its high catalytic activity towards hydrogenation of 4-nitrophenol

Nannan Meng, Shujie Zhang, Yifeng Zhou, Wangyan Nie, and Pengpeng Chen*
Abstract: A novel synthesis method was reported for the preparation of silver/reduced
graphene oxide (Ag/RGO) nanocomposites via reducing AgNO3 in a macroscopic RGO
aerogel directly through a convenient impregnation process. The as-prepared
RGO-supported Ag nanocrystal exhibited high activity in the catalytic hydrogenation of

4-nitrophenol.
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