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We report that noble metal nanopartcles (Pd, Pt, Au, and Ag) decorated-graphene nanosheets can be synthesized with the tem-
plate of graphene oxide by a one-pot solution-based method. The resulting hybrid materials are characterized by transmission
electronic microscopy, energy dispersive X-ray spectroscopy, scanning electronic microscopy, atomic force microscopy, X-ray
diffraction, and Raman spectroscopy, which demonstrate that the metal nanoparticles have been uniformly deposited on the
surfaces of graphene nanosheets. Our results in turn verify that the carboxylic groups of graphene oxide are statistically dis-
tributed on its whole sheet surface rather than just at its edges. The graphene-metal nanohybrids can be used as catalysts in the
reduction of potassium hexacyanoferrate(Ill) with NaBH, in aqueous solution. Our results suggest that graphene is a superior
substrate to support metals for applications in the heterogeneous catalysis.
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1 Introduction

Graphene represents a new class of carbon material that is
formed by sp® bonded carbon atoms arranged in a single-
layer hexagonal lattice. The research about graphene is cur-
rently a hot topic in the scientific community due to its
unique nanostructure and fascinating properties [1-8]. The
two-dimensional (2-D) basal plane structure and high spe-
cific surface area (calculated value, 2630 m*/g) make gra-
phene an ideal substrate for supporting catalytic nanoparti-
cles [9-11].

Noble metal nanoparticles (NPs) have been widely used
as catalysts to promote various chemical reactions [12, 13].
Catalyst support is an important aspect that could greatly
influence the catalysis effect [14]. In order to enhance the
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catalysis efficiency of noble metal NPs, many materials
have been utilized as catalyst supports. Carbon material is a
typical example of the extensively studied supports. For
example, Pd/C (palladium metal supported on charcoal) is
an efficient catalyst for hydrogenation, hydrogenolysis,
carbon-carbon bond formation [15]. Carbon nanofibers
(CNFs) have cylindric nanostructures and are suitable to be
used as catalysts supports [16, 17]. The quasi one-dimen-
sional (1-D) tubular carbon nanomaterials, carbon nano-
tubes (CNTs), have been widely studied as stabilizers and
supporters for metal NPs due to their unique structural,
electrical, and mechanical properties [18, 19]. In compari-
son with the 1-D CNTs, the 2-D graphene has larger spe-
cific surface area and could be obtained more easily and
inexpensively. Therefore, since its discovery in 2004 [20],
graphene has been used as support material for the deposi-
tion of metal NPs for potential utilizations in catalysts [21,
22], fuel cells [23-27], biosensors [28, 29], spectroscopic
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probes [30], surface-enhanced Raman scattering substrates
[31-33], semiconductors [34], and optoelectronic devices
[35]. In this respect, graphene oxide (GO) sheets are gener-
ally used as the raw materials or precursors of graphene
sheets due to their good dispersibility in organic solvents.
However, the reported protocols for graphene-metal hybrids
are relatively complex which generally require two steps of
reduction of GO material and deposition of metal NPs. Be-
sides, there still exists a disputing problem that where the
carboxylic acid groups of GO locate. This problem could be
possibly resolved by in situ deposition of NPs on GO indi-
rectly because the carboxylic acids are normally the nuclea-
tion sites for NPs formation. Through such a method, some
researchers showed that carboxylic acids were located at the
edges of GO since the NPs fringed the GO/reduced gra-
phene sheets [36]. So this could be called “edge view”. On
the contrary, others revealed that carboxylic acids should be
statistically scattered on GO sheets since the NPs were
found to be uniformly distributed on the whole sheets
(called “whole view”) [23, 24, 30]. Recently, our group
demonstrated the more validity of the “whole view” by
deposition of various NPs [37-39] as well as grafting poly-
mer brushes on GO substrates [40].

In this paper, we report solution-based methods to pre-
pare Pd, Pt, Au, and Ag NPs-decorated graphene nanosheets.
The synthesis methods are simple and effective, allowing
various kinds of noble metal NPs uniformly anchored on the
surfaces of reduced graphene nanosheets. The reduction of
GO and the in situ deposition of metal NPs were achieved
in a one-pot process. Furthermore, the results confirmed the
exactness of the “whole view” with the uniform depositions
of different metal NPs on GO sheets. The as-prepared
nanocatalysts show good disperibility and their catalytic
activities were evaluated by the reduction of hexacyanofer-
rate(IIT). Our metal-graphene nanohybrids constitute a new
class of 2-D hybrid nanocatalysts with promising applica-
tions.

2 Experimental
2.1 Materials

Graphite powder (40 pm) was obtained from Qingdao
Henglide Graphite Co., Ltd. Graphene oxide (GO) was
synthesized from natural graphite powder according to the
previous protocol [2, 40, 41]. Ethylene glycol (99%) was
purchased from Aldrich and used as received. Palladium(II)
chloride (PdCl,, 99%), potassium tetrachloroplatinate (II)
(K,PtCly, 99%), gold(II) chloride hydrate (AuCl;-HCI-H,0,
99%), silver nitrate (AgNO;, 99%), potassium hexacyan-
oferrate(Ill) (K;Fe(CN)g, 99%), sodium borohydride (NaBHy,
96%), N,N-dimethyl formamide (DMF), and other solvents
were obtained from Sinopharm Chemical Reagent Co., Ltd.
(SCRC) and used as received.
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2.2 Characterization

Transmission electron microscopy (TEM) analysis was
performed on a FEI/Philips CM200 electron microscope
operating at 160 kV or a FEI Tecnai G2 F30 S-Twin elec-
tron microscope operating at 300 kV. Scanning electron
microscopy (SEM) images were obtained on a Hitachi
S4800 field-emission SEM system. Atomic force micros-
copy (AFM) was done using a Digital Instrument Nano-
scope Illa scanning probe microscope, operating at the tap-
ping mode, with samples prepared by spin-coating sample
solutions onto freshly cleaved mica substrates at 1500 r/min.
The X-ray diffractions (XRD) were recorded on a Philips
X'Pert PRO diffractometer equipped with Cu K a radiation
(40 kV, 40 mA). Raman spectra were collected on a Jobin-
Yvon LabRam HR 800 Raman spectroscope equipped with
a 514.5 nm laser source. UV-vis spectra were recorded us-
ing a Varian Cary 300 Bio UV-vis spectrophotometer.

2.3 Preparation of graphene-Pd (G-Pd) nanohybrids

GO (10 mg) was dispersed via sonication in 20 mL of ethylene
glycol-water solution (3:2 v/v). PdCl, (12.8 mg) was added
and the mixture was heated at 125 °C under nitrogen for 4 h.
The product was separated by centrifugation and washed
with ethanol.

2.4 Preparation of graphene-Pt (G-Pt) nanohybrids

GO (10 mg) was dispersed via sonication in 20 mL of eth-
ylene glycol-water solution (3:2 v/v). K,PtCl, (6.4 mg) was
added and the mixture was heated at 125 °C under nitrogen
for 4 h. The product was separated by centrifugation and
washed with ethanol.

2.5 Preparation of graphene-Au (G-Au) nanohybrids

GO (10 mg) was dispersed via sonication in 30 mL of
DMF-water solution (9:1 v/v). AuCl;-HCI-H,O (6.3 mg)
was added and the mixture was stirred for 1 h. The freshly
prepared NaBH, aqueous solution (2 mL, 0.118 M) was
slowly added dropwise into the above mixture. The mixture
was heated at 80 °C under nitrogen for 4 h. The product was
separated by centrifugation and washed with ethanol.

2.6 Preparation of graphene-Ag (G-Ag) nanohybrids

GO (10 mg) was dispersed via sonication in 30 mL of
DMF-water solution (9:1 v/v). AgNO; (4.8 mg) was added
and the mixture was stirred for 1 h. The freshly prepared
NaBH, aqueous solution (2 mL, 0.118 M) was slowly added
dropwise into the above mixture. The mixture was heated at
80 °C under nitrogen for 4 h. The product was separated by
centrifugation and washed with ethanol.
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2.7 Catalysis measurements

In the standard quartz cuvette with a 1 cm path length, double-
distilled water (1.0 mL), K3Fe(CN)q aqueous solution (8 mM,
0.6 mL), and NaBH, in 0.1 M NaOH aqueous solution
(32 mM, 1.4 mL) were added. The alkaline solution could
minimize the decomposition of borohydride [42]. All solu-
tions were previously deaerated and saturated with N,. After
one drop of ethanol solution of graphene-metal nanohybrids
(1 mg/mL) was added into the above solution, the absorp-
tion spectra were recorded every 30 s in the range of
280-550 nm at room temperature.

3 Results and discussion

3.1 Synthesis of graphene-metal nanoparticles hybrids

The preparation strategy for the graphene-metal nanohy-
brids is outlined in Scheme 1 (for detailed experimental
steps, please see Experimental section). GO was first pre-
pared by oxidization of natural graphite powder. Graphite
consists of parallelly stacked flat graphene layers with a
plane distance of 0.335 nm. The severe oxidation process
destroys the graphite stack and introduces many oxy-
gen-containing groups (e.g., hydroxyl, carboxyl, epoxide,
lactone, or ether) onto the GO nanosheets. The as-prepared
GO readily exfoliates into individual nanosheets in polar
solvents upon sonication, forming stable colloidal suspen-
sions that are stabilized by electrostatic repulsion [43]. The
metal ions could be adsorbed on the GO nanosheets by the
coordination with the surface functional moieties on GO.
Under reduction atmosphere provided by NaBH, or ethyl-
ene glycol at elevated temperature, the metal ions are trans-
formed into crystals and deposited on the surfaces of
nanosheets accompanying with the reduction of GO into
graphene, affording graphene-metal nanocrystals hybrids.
The ethylene glycol reduction system was applied to the
synthesis of Pd and Pt nanoparticles on graphene success-
fully, but it did not work well for the cases of Au and Ag, so
the NaBH, reduction system was used to produce Au and
Ag nanoparticles with high crystalline quality and narrow
size distribution.

It should be noted that the oxygen functionalities, espe-
cially the carboxylic acids, on the GO surface are very im-
portant for the preparation of graphene-metal nanohybrids.
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For one thing, they help to solubilize the nanosheets in sol-
vents and thus the metal ion could readily and evenly coor-
dinate onto nanosheets. For another thing, they provide re-
active sites for the nucleation and growth of metal NPs [30].
Moreover, GO has also been reduced to graphene along
with the reduction of metal ions in such a one-pot process.
Both of the reductive solvents and the metal NPs adsorbed
on GO help to reduce GO [24]. The reduction of GO was
demonstrated by further characterizations as discussed in
the following text and can be also seen from the color of the
reaction mixture that changed from yellow-brown to black
[44].

3.2 Characterizations of graphene-metal nanoparticles
hybrids

The morphology and structure of GO and graphene-metal
nanohybrids were characterized by transmission electronic
microscopy (TEM). The TEM samples were prepared by
dropping just sonicated dispersions in ethanol onto copper
grids coated with lacey carbon and dried at room tempera-
ture. As seen in Figure 1(a), GO has a typical flake-like
shape with slight wrinkles on the surfaces. The TEM images
of graphene-metal nanohybrids (Figure 1(b-1)) show the
metal nanoparticles appear as dark dots and are uniformly
decorated on the graphene sheets in each sample. The dis-
tribution of metal nanoparticle on grahpene is quite even,
and no big conglomeration of NPs or large undecorated
vacancy on graphene was observed in the TEM images. The
average diameters of the Pd, Pt, Au, and Ag nanoparticle
are 18.8, 2.5, 15.6 and 48.2 nm, respectively. Furthermore,
the energy dispersive X-ray spectroscopy (EDS) measure-
ments confirm the presence of corresponding metal ele-
ments in each sample as shown in Figure 2. The copper
signals in the EDS curves origin from the copper grids that
support the samples. It is also found from the EDS meas-
urements that the weight contents of Pd, Pt, Au, and Ag
approach 38.6%, 17.5%, 18.2% and 18.3%, respectively.
The high contents of metals suggest the high loading effi-
ciency of metals on graphene nanosheets.

Scanning electronic microscopy (SEM) was also used to
observe the surface morphology of graphite, GO and gra-
phene-metal nanohybrids. Graphite consists of large stacks
as displayed in the SEM image (Figure 3(a)), while GO is
exfoliated into thin wrinkled flakes (Figure 3(b)), which is
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Scheme 1 Schematic description of the preparation of Pd, Pt, Au, and Ag nanoparticles decorated graphene nanosheets.
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Figure 1 TEM images of GO (a), G-Pd (b, ¢), G-Pt (d—f), G-Au (g-i) and G-Ag (j-1).
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Figure 2 EDS spectra of G-Pd (a), G-Pt (b), G-Au (c) and G-Ag (d).

in accord with its TEM image. Since GO is electrically in-
sulated, it has to be sputtered with Au to form a thin layer of
conductive film in order to obtain clear SEM image. In the

SEM images of graphene-metal nanohybrids (Figure 3(c)—
3(f)), the metal nanoparticles appear as discrete bright dots
and homogeneously distribute on the surfaces of graphene.
The graphene-metal nanohybrids could be directly charac-
terized by SEM without coated with Au film, suggesting
their conductive nature acquired by the reduction of GO to
graphene.

The atomic force microscopy (AFM) image in Figure 4(a)
displays that the purified GO nanosheets with height of
about 0.7-0.8 nm and dimension of several micrometers
spread on the mica substrate, demonstrating the single-atom
layer structures for our GO materials. The typical AFM im-
ages of the Pd, Pt and Au nanoparticles decorated-graphene
nanosheets (Figure 4(b)—(d)) show that plenty of round
protuberances are distributed on the slightly wrinkled sur-
faces of graphene, and the nanosheets are mostly isolated sin-
gle sheets, which are in accord with the TEM and SEM results.

The microscopy observations confirm that the metal NPs
are uniformly distributed on the whole graphene sheets,
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Figure 3 SEM images of graphite (a), GO (b), G-Pd (c), G-Pt (d), G-Au
(e) and G-Ag (f).
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Figure 4 AFM images of GO (a), G-Pd (b), G-Pt (c) and G-Au (d).

indicating in turn that the carboxylic acid groups, the pre-
dominant nucleation sites for NPs [37], are statistically or
randomly introduced on GO sheets rather than only at the
edges during the oxidation of graphite. This conclusion is in
good agreement with that obtained by other methods in our
group [37-40], which lays the foundation for the prepara-
tion of NPs-covered graphene sandwich-like superstruc-
tures.

The crystalline structure of metal nanoparticles on gra-
phene was identified by X-ray diffraction (XRD) measure-
ments, and the results are shown in Figure 5. GO shows an
obvious diffraction peak at 10.0°, but this peak disappeared
and the (002) diffraction peak of graphite reappeared in the
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Figure 5 XRD patterns of GO (a), G-Pd (b), G-Pt (c), G-Au (d), and
G-Ag (e).

XRD patterns of graphene-metal nanohybrids, which is an
indication that GO has been reduced to graphene and re-
stored to an ordered crystalline structure [45]. The metal
nanoparticles on the graphene-metal nanohybrids all show
characteristic diffraction peaks of (111), (200), and (220)
planes in their XRD patterns. The peak positions and rela-
tive intensities match well with the standard XRD data for
face-centered cubic Pd, Pt, Au, and Ag (JCPDS card
05-0681, 65-2868, 65-2870, 04-0783, respectively).

The significant structural changes of the graphitic sub-
strate during the synthesis process are reflected in the Ra-
man spectra (Figure 6). Raman spectroscopy is commonly
used to identify the ordered and disordered crystal structures
of carbonaceous materials. Two characteristic bonds are
usually observed in a typical Raman spectrum of carbon:
the G band around 1580 cm™ corresponds to sp>-bonded
carbon atoms in a hexagonal lattice, and the D band around
1350 cm™ is related to the vibrations of sp*-carbon atoms of
defects and disorder [46]. The Raman spectrum of the natu-
ral graphite shows a strong G band and a weak D band with
a low D/G intensity ratio of 0.34. In the Raman spectrum of

(b)

(a)
T ¥ T 4 T b 1
1200 1400 1600 1800
Raman shift (cm™')

Figure 6 Raman spectra of graphite (a), GO (b), G-Pt (c) and G-Au (d).
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GO, the G band is broadened, and the D band becomes big-
ger with a high D/G intensity ratio of 2.04, revealing the
oxidation caused a high level of disorder in the graphene
nanosheets. The D/G intensity ratios are 1.78 and 1.88 for
G-Pt and G-Au, respectively. The decreased D/G intensity
ratios of graphene-metal in comparison with that of GO
indicate that new graphitic domains with more numerous in
number but smaller in size are generated upon the reduction
of GO [47].

The as-prepared graphene-metal nanohybrids have good
dispersibility in solvents such as ethanol, water, and N,N-
dimethylformamide (DMF) (Figure 7). Notably, the pure
graphene sheets prepared in the control experiments without
adding of metal ions are insoluble in solvents. This is due to
the pure reduced graphene sheets tend to aggregate in sol-
vent due to the strong van der Waals interactions, while the
metal nanoparticles on the graphene sheets act as spacers
that could prevent the aggregation while drying. This effect
of metal nanoparticles on graphene has also been indicated
in the previous reports [23, 34]. The improved disperibility
of graphene-metal nanohybrids with respect to graphene
greatly enlarges their applications in many fields, including
solution processing, solution catalysis, and so forth.

3.3 Catalysis investigations of graphene-metal nanoparti-
cles hybrids

In order to test the catalysis activity of the graphene-metal
nanohybrids, we employed a model electron-transfer reac-
tion of reducing hexacyanoferrate(Ill) by borohydride ions
in aqueous solution [42]. The redox reaction is depicted as
chemical eq. (1) [48]:

BH; +8[ Fe(CN), | +3H,0 -
4—
H2B0;+8[Fe(CN)6] +8H* (1)
In the presence of noble metal nanoparticles, the catalysis

mechanism involves a two-step process as shown in egs. (2)
and (3) [49]:

BH; +Metal <> Q" (fast) )
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Figure 7 Photographs of G-Pd (a—c), G-Pt (d—f), G-Au (g-i), and G-Ag
(3-1) in ethanol (a, d, g, j), water (b, e, h, k) and DMF (c, f, i, ).
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Q +[Fe(cN), ] »[Fe(cN), ] +Q (slow)  (3)

The metal NPs firstly undergo cathodic polarization by
borohydride rapidly, and in the next slow step, their excess
surface electrons transfer to the ferricyanide ions that dif-
fuse toward the metal nanoparticles. It should be noted that
the noncatalyzed reaction of eq. (1) can be neglected since it
is much slower than the catalyzed reaction of eqs. (2) and
(3).

In the experimental runs, the concentration of NaBH,
was set to in large excess as compared to hexacyanofer-
rate(III) ions. Thus, the kinetics of the reduction process can
be regarded as a pseudo-first-order reaction. The progres-
sion of the reaction was monitored indirectly through the
ultraviolet-visible UV-vis spectrum of hexacyanoferrate
(II). The characteristic absorption peak of hexacyanofer-
rate(II) is located at 420 nm, and its intensity was continu-
ously decreased immediately after the addition of gra-
phene-metal nanohybrids, revealing the occurrence of cata-
lyzed reduction. As seen in Figure 8, the UV-vis spectra
were recorded per 0.5 min for each sample of G-Pd, G-Pt,
G-Au, and G-Ag, and all of the absorption peaks of hexa-
cyanoferrate(IlI) decreased quickly and completely disap-
peared within about 5 min. The insets of Figure 8 demon-
strate that the experimental data fit well with the integrated
first-order kinetics of eq. (4):

m( j; :iw ] —— )

where ¢ is the reaction time, Ay is the initial absorbance at
time zero, A, is the absorbance at time ¢, A is the absorb-
ance when the reaction is completed, and k., is the ob-
served rate constant. The k.8 of these reactions for G-Pd,
G-Pt, G-Au and G-Ag are calculated to be 9.5 x 10’3, 2.1x
102, 1.2x107% and 2.6x 107%s™", respectively. The data are
comparable to the previously reported values for Pt NPs
supported on CNTs (~10’2—IO’l s’l) [50] and Au NPs sup-
ported on SiO, or TiO, hollow capsules (~10°—107 s7") [49]
for the same chemical reaction. It can be seen that the noble
metal NPs still possess high catalytic activities after being
anchored on graphene. The graphene nanosheets could pre-
vent the metal nanoparticles from aggregation, and also
sever as large, flat, and highly stable substrates, enabling the
reactions proceed favourably on the exteriors of metal NPs.
In addition, the graphene-metal nanohybrids could be easily
separated from the reaction system by filtration or centrifu-
gation and reused, which shows the advantages of using the
graphene nanosheets as the catalyst support.

4 Conclusions

In summary, we showed that graphene-metal (Pd, Pt, Au
and Ag) nanohybrids can be facilely synthesized in solution
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Figure 8 Successive UV-vis spectra of the mixture of hexacyanoferrate(Ill) and sodium borohydride upon addition of graphene-metal nanohybrids: (a)
G-Pd, (b) G-Pt, (c) G-Au and (d) G-Ag. The insets show the good fit of the experimental results to first-order analysis according to eq. (4).

with GO as the precursor. In the synthesis process, the re-
duction of GO and the formation of metal NPs are accom-
plished simultaneously. The metal NPs that are uniformly
anchored on the surfaces of individual graphene nanosheets
could prevent the restacking of graphene, resulting in good
dispersibility in solvents. All of the as-prepared gra-
phene-metal samples show catalysis activity in the catalytic
reduction of potassium hexacyanoferrate(Ill). This study
could be extended to other graphene-metal nanohybrids
with promising applications such as direct methanol fuel
cells. Further research in this direction is currently under-
way.
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