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Graphene, which possesses unique nanostructure and excellent properties, is considered a low cost
alternative to carbon nanotubes in nanocomposites. In this paper, we demonstrate a facile in situ
reduction approach for the synthesis of reduced graphene oxide/Ni (RGO/Ni) nanocomposites with
different morphologies. The concentration of nickel ions has a great influence on the morphology of the
RGO/Ni nanocomposites and an interesting RGO-wrapped nanostructure was obtained. Magnetic
studies reveal a room-temperature ferromagnetic behavior of the RGO/Ni nanocomposites. The
catalytic activities of the RGO/Ni nanocomposites were investigated for the reduction of p-nitrophenol
by NaBH,. It was found that the nanocomposites show higher catalytic activity compared with the
unsupported Ni nanoparticles. The catalytic performance of the RGO/Ni nanocomposites was even
better than the RANEY® Ni catalyst. Moreover, after completion of the reaction the nanocomposite
catalyst can be easily re-collected from the reaction system by a magnet. Thus, the RGO/Ni
nanocomposites obtained in this work may find applications in catalysis, data storage, targeted drug
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transportation and magnetic resonance imaging technologies.

Introduction

Graphene, which is a single or few layer sheet of graphitic
carbon, offers great advantages owing to its high surface area,
good conductivity and excellent mechanical properties,' and has
become a “rising star” in the field of material science. It has
motivated the development of new composite materials for
nanoelectronics, supercapacitors, batteries, photovoltaics, cata-
lysts, and related devices.>® Up to now, numerous methods have
been developed for the production of graphene sheets including
micromechanical exfoliation, thermal expansion of graphite,®™*!
chemical vapor deposition™? and solution-based chemical
reduction of exfoliated graphite oxide to RGO.'*'®* Among these
methods, chemical reduction of exfoliated graphite oxide is the
most suitable approach for the efficient production of process-
able graphene sheets owing to its low-cost and massive scal-
ability." Graphite oxide can be readily dispersed in water to yield
stable dispersions by simple sonication on account of the pres-
ence of oxygen-containing functional groups such as hydroxyl,
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epoxide and carboxyl moieties.”” Furthermore, these oxygen
functional groups can act as nucleation centers or anchoring sites
for the landing of nanoparticles,'® limiting the nanoparticles
growth, improving the stability and dispersion of nanoparticles
on RGO. At the same time, these nanoparticles can help to
enlarge the interplanar spacing of the RGO especially when they
are in solid state, avoid them aggregating into graphitic structure,
and maintain the excellent properties of individual RGO nano-
sheets. Moreover, recent studies have shown that the synergistic
coupling between nanomaterials and RGO can lead to enhanced
performance or even a new property that are not found in the
individual components.**-?

Magnetic nanoparticles are of great interest for researchers
from a wide range of disciplines, including magnetic fluids,* data
storage,** biotechnology/biomedicine,?® catalysis,?**’ magnetic
resonance imaging,*®* etc. Nowadays, it is well realized that the
dispersion of magnetic nanoparticles on RGO sheets potentially
provides a new way to develop novel catalytic, magnetic,
adsorbing, and electrode materials.3*-** With this in mind, RGO-
based nanocomposites containing magnetic nanoparticles
(Fe;04, ZnFe,04, CoFe,04, Co) have recently been repor-
ted.**3*% Ni nanoparticles are important magnetic materials and
have found applications as catalysts for hydrogenation of
nitrobenzene** and thermal decomposition of ammonium
perchlorate,*! as well as fillers for magnetic inks** or ferrofluids,**
while the preparation and properties of RGO/Ni nano-
composites have rarely been studied. Recently, Gotoh et al
successfully deposited Ni nanoparticles onto RGO sheets from

This journal is © The Royal Society of Chemistry 2012

J. Mater. Chem., 2012, 22, 3471-3477 | 3471


http://dx.doi.org/10.1039/c2jm14680k
http://dx.doi.org/10.1039/c2jm14680k
http://dx.doi.org/10.1039/c2jm14680k
http://dx.doi.org/10.1039/c2jm14680k
http://dx.doi.org/10.1039/c2jm14680k
http://dx.doi.org/10.1039/c2jm14680k
http://pubs.rsc.org/en/journals/journal/JM
http://pubs.rsc.org/en/journals/journal/JM?issueid=JM022008

Published on 16 January 2012. Downloaded by University of Alabama at Tuscaloosa on 21/11/2016 09:43:43.

View Article Online

cation exchanged graphite oxide.** However, long experimental
time and high-temperature calcination are required during the
procedure, and the properties of the as-prepared RGO/Ni
nanocomposites are not studied yet.

Herein, we present a facile low-temperature solution method
for the large-scale synthesis of RGO/Ni nanocomposites. The
morphology of the obtained RGO/Ni nanocomposites can be
tuned by changing the starting amount of source materials and
an interesting RGO-wrapped nanostructure was successfully
prepared. The magnetic and catalytic properties of these nano-
composites are investigated. It was found that the catalytic
activity of the RGO/Ni nanocomposites is even higher than
RANEY® Ni for the reduction reaction of p-nitrophenol into
p-aminophenol.

Experimental
Materials

Natural flake graphite was purchased from Qingdao Guyu
Graphite Co., Ltd., with a particle size of 150 um (99.9% purity).
All of the other chemical reagents used in our experiments are of
analytical grade, purchased from Sinopharm Chemical Reagent
Co., Ltd., and used without further purification.

Preparation of graphite oxide

Graphite oxide was prepared from the natural flake graphite
according to a modified Hummers method.** In a typical
synthesis, 2.0 g of graphite powder was added to 80 mL of cold
(0 °C) concentrated H,SO, in an ice bath. Then, NaNO; (4.0 g)
and KMnO, (8.0 g) were added gradually under stirring and the
temperature of the mixture was kept to be below 10 °C. The
reaction mixture was continually stirred for 4 h at temperature
below 10 °C. Successively, the mixture was stirred at 35 °C for
4 h, and then diluted with 200 mL of deionized (DI) water.
Because the addition of water in concentrated sulfuric acid
medium releases a large amount of heat, the addition of water
was performed in an ice bath to keep the temperature below
100 °C. After adding all of the 200 mL of DI water, the mixture
was stirred for 1 h. The reaction was then terminated by adding
15 mL of 30% H,O, solution. The solid product was separated by
centrifugation, washed repeatedly with 5% HCI solution until
sulfate could not be detected with BaCl,. For further purifica-
tion, the resulting solid was re-dispersed in DI water and then
was dialyzed for three days to remove residual salts and acids.
The suspension was dried in a vacuum oven at 45 °C for 48 h to
obtain graphite oxide.

Preparation of RGO/Ni nanocomposites

In a typical synthesis of the RGO/Ni nanocomposites, 35 mg of
graphite oxide was dispersed in 70 mL of DI water by ultra-
sonication to form a stable graphene oxide colloid, which was
then mixed with 20 mL of NiCl, aqueous solution (containing
184 or 368 mg of NiCl,-6H,0). Subsequently, 5 mL of hydra-
zine hydrate (85 wt%) were added into the mixed solution. The
pH value of this mixture was adjusted to 10.5 by dropping
0.375 M NaOH aqueous solution. After ultrasonication for
10 min, the above mixture was transferred into a 250 mL round-

bottomed flask and refluxed at 100 °C for 3 h under N, atmo-
sphere. The as-synthesized solid products were separated by
centrifugation, washed thoroughly with water and absolute
ethanol to remove any impurities, and then dried in vacuum
oven at 50 °C for 24 h. The products were signed as RGO/Ni-1
and RGO/Ni-2 for the feeding amount of 184 and 368 mg of
NiCl,-6H,O0, respectively. In order to quantitatively analyze the
weight content of Ni in RGO/Ni-1 and RGO/Ni-2, a certain
amount of the nanocomposites was dispersed in diluted
hydrochloric acid to dissolve Ni completely. After this treat-
ment, the residue, which only contained RGO nanosheets, was
washed by DI water, and dried in vacuum. By weighing the
dried residue, the contents of Ni in RGO/Ni-1 and RGO/Ni-2
nanocomposites were determined to be ca. 65 and 80 wt%,
respectively. As a comparison, pure Ni (named Ni-1 and Ni-2
corresponding to RGO/Ni-1 and RGO/Ni-2, respectively) and
bare RGO were also synthesized in the same way as the nano-
composites in the absence of graphite oxide and NiCl,,
respectively. RANEY® Ni catalyst was prepared according to
the literature method.*

Instrumentation and measurements

The morphology and structure of the products were determined
by transmission electron microscopy (TEM, JEOL JEM-2100)
and X-ray diffraction (XRD, Bruker D8 ADVANCE) with Cu-
Ko radiation. Samples for TEM observation were prepared by
dropping the products on a carbon-coated copper grid after
ultrasonic dispersion in absolute ethanol. Raman scattering was
performed on a JY-HR800 Raman spectrometer using a 453 nm
laser source. Atomic force microscopy (AFM) measurement was
conducted using a multi-mode scanning probe microscope.
Samples for AFM imaging were prepared by spin-coating of the
nanocomposite suspension onto freshly cleaved mica substrate,
which were then allowed to dry in air. The Brunauer-Emmett-
Teller (BET) surface area of the products were tested using an
ASAP 2010 sorption analyzer. The magnetic properties of the
products were measured by vibrating sample magnetometer
(VSM, Nanjing University HH-15) at room temperature
(300 K). Ultraviolet-visible (UV-vis) spectroscopy measure-
ments were performed on a UV-2450 ultraviolet-visible
spectrophotometer.

Catalytic study

The reduction reaction of p-nitrophenol by NaBH, was used as
a model system to quantitatively evaluate the catalytic activity of
the as-synthesized nanocomposites. In a typical procedure, the
aqueous solutions of p-nitrophenol (5§ mM) and NaBH,4 (1.5 M)
were freshly prepared. 2 mL of NaBH, solution and a certain
amount of catalysts containing 6.5 mg of nickel were added to
100 mL of DI water. Then, 2 mL of p-nitrophenol solution was
injected into the mixture to start the reaction. During the reac-
tion process, 1 mL of the reaction solution was withdrawn from
the reaction system at a regular time interval of 20 min, and
diluted with 2 mL of DI water followed by measuring UV-vis
spectra of the solution to monitor the concentration of p-nitro-
phenol through its absorption peak at 400 nm.
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Results and discussion
Structural and morphological characterization

The phase structure of the as-synthesized samples was firstly
determined by X-ray diffraction (XRD). As shown in Fig. 1, the
original graphite oxide sample shows a sharp peak at 26 = 10.3°,
corresponding to the (001) reflection of graphite oxide.*’
However, the characteristic peak of graphite oxide can not be
observed in the XRD patterns of RGO/Ni-1 and RGO/Ni-2
nanocomposites, suggesting graphite oxide was -effectively
reduced. The characteristic (111), (200), (220) peaks which can be
easily indexed to cubic Ni (JCPDS 04-0850) are all observed in
RGO/Ni-1 and RGO/Ni-2 samples, indicating that nickel ions
have been reduced into metal Ni after the reducing process and
no detectable impurities such as Ni(OH), exist in the samples.

Raman spectroscopy is a suitable technique to characterize
carbonaceous materials, particularly for distinguishing ordered
and disordered crystal structures of carbon. The typical Raman
spectra of graphite oxide, RGO/Ni-1 and RGO/Ni-2 nano-
composites are shown in Fig. 2. They all display two prominent
peaks, which correspond to the well-documented G and D
bands. The G band is usually assigned to the E,, phonon of C sp?
atoms, while the D band originates from a breathing k-point
phonon with A;, symmetry and related to local defects and
disorders.*** The G band moved from 1603 cm~' of graphite
oxide to ca. 1586 cm™' of RGO/Ni nanocomposites, close to the
value of the pristine graphite, confirming the reduction of
graphite oxide.*® The intensity ratio (Ip/Ig) of the D band to the
G band is correlative with the average size of sp* domains,"? that
is, the smaller size of sp? domains, the higher intensity ratio (Ip/
Ig). The Ip/Ig ratios for graphite oxide, RGO/Ni-1 and RGO/
Ni-2 are 1.11, 1.43 and 1.50, respectively. The increase of Ip/Ig
ratios for RGO/Ni nanocomposites as compared with graphite
oxide is reasonable because after chemical reduction of graphene
oxide, the conjugated graphene network (sp? carbon) will be re-
established, however, the size of the re-established graphene
network is usually smaller than the original graphite layer, which
will lead to the increase of intensity ratio (Ip/Ig) consequently.®!
Thus, it is concluded that graphite oxide in RGO/Ni nano-
composites has been well deoxygenated and reduced.

The morphology of the as-prepared RGO/Ni nanocomposites
was examined by transmission electron microscopy (TEM) and
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Fig.1 XRD patterns of (a) graphite oxide, (b) RGO/Ni-1 and (c) RGO/
Ni-2 nanocomposites.
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Fig.2 Raman spectra of (a) graphite oxide, (b) RGO/Ni-1 and (¢) RGO/
Ni-2 nanocomposites.

high resolution transmission electron microscopy (HRTEM).
Fig. 3 shows the TEM images of RGO/Ni-1 nanocomposites.
Crumpled silk waves-like morphology, a characteristic feature of
the single-layer graphene sheets, is observed in Fig. 3a. Ni
nanoparticles can hardly be observed from this TEM image
owing to their small size. The cross section analysis of AFM
(Fig. S1, ESIt) indicates a height of 0.993 nm for the RGO sheet
in RGO/Ni-1 nanocomposites, which is in good consistency with
the reported apparent thickness of single layer RGO sheet.'
Fig. 3b and c present the higher magnification TEM images of
RGO/Ni-1 nanocomposites. It can be seen that Ni nanoparticles
are densely and uniformly distributed on the surfaces of gra-
phene sheets. Almost no free Ni nanoparticles are found outside
of the RGO sheets throughout the TEM observation process,
indicating the perfect combination between Ni nanoparticles and
RGO nanosheets. The HRTEM image shown in Fig. 3d clearly
demonstrates the homogeneous distribution of the Ni nano-
particles with uniform size of 2-4 nm on RGO sheets. The lattice
fringes with a spacing of 0.202 nm are clearly observed in the
inset of Fig. 3d, which can be indexed as the (111) crystal plane of
cubic Ni.

The concentration of the source materials has a great influence
on the morphology of the as-prepared RGO/Ni nanocomposites.
When the starting amount of NiCl,-6H,O used was increased to

Fig. 3 (a)(c) TEM and (d) HRTEM images of the RGO/Ni-1
nanocomposites.
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276 mg, the mean diameter of Ni nanoparticles was increased to
about 40 nm and the as-formed Ni nanoparticles were also well
deposited on the surface of the RGO sheets (Fig. 4). The increase
of the size of Ni nanoparticles is understandable. Graphene oxide
is negatively charged due to the abundant hydroxyl and carboxyl
groups. When the nickel salts were introduced into the graphene
oxide suspension, nickel ions would attach to the surface of
graphene oxide through electrostatic interaction and serve as
nucleation sites. When the reductant N,H, was introduced, the
nickel ions were in situ reduced to form nuclei, while graphene
oxide nanosheets were reduced to RGO at the same time. With
higher concentration of nickel chloride, more metal ions were
reduced and absorbed on the nuclei, and then they grew into
larger spherical nanoparticles. Further increasing the amount of
nickel chloride not only induces the increase of Ni nanoparticle
size, but also can cause the change of composite structure. For
example, as can be seen from the TEM images of RGO/Ni-2
nanocomposites (Fig. 5), when 368 mg of NiCl,-6H,0 was used,
the size of the obtained Ni nanoparticles was increased to about
80-160 nm. Moreover, the Ni nanoparticles were almost fully
wrapped by RGO sheets rather than simply deposited on the
surface, resulting in an interesting RGO-wrapped composite
structure. Such a composite structure is different from conven-
tional RGO-based nanocomposites and has not been reported
before. In this structure, RGO sheets can act as a protection layer
to prevent the encapsulated metals from environmental oxida-
tion, and avoid the exfoliation of the loading components from
the RGO sheets. The formation process of the RGO-wrapped-Ni
nanocomposites (RGO/Ni-2 nanocomposites) can be proposed
as follows: the original graphene oxide or RGO sheets in the
reaction system are uniformly suspended in the solvent owing to
the rich hydrophilic groups. When Ni nanoparticles are depos-
ited on them, the gravity of them would cause them to subside.
The subsiding trend becomes stronger with the bigger Ni nano-
particles. Thus, it is probable when the bigger Ni nanoparticles
with size of 80-160 nm are deposited on the RGO sheets, the
gravity of them will cause them to subside together. In the
subsiding process, Ni nanoparticles push down the flexible RGO
sheets and make them curl down to form a coated composite
structure. On the other hand, the RGO sheets tend to aggregate

Fig. 4 TEM image of the RGO/Ni nanocomposites prepared with
276 mg of NiCl,-6H,0.

Fig. 5 TEM images of the RGO/Ni-2 nanocomposites.

in solution during the reduction process, which is also helpful to
form the wrapped morphology of the RGO/Ni-2
nanocomposites.

The specific surface areas of the RGO/Ni nanocomposites
were investigated by BET technique. Based on the adsorption
branch of isotherm curves (Fig. S2, ESIt), the specific surface
areas are calculated to be 192.39 and 81.37 m? g~! for RGO/Ni-1
and RGO/Ni-2, respectively. It is well known that the theoretical
specific surface area of graphene is as high as 2630 m? g~'.!
However, the specific surface area of the graphene-based nano-
composite materials is much lower than the theoretical value due
to the bigger weight contribution from nanoparticles on the
surface of graphene sheets.® Moreover, the specific surface area
of graphene-based nanocomposites decreases with increasing
amount of the loaded nanoparticles.?®>* This phenomena has
also been observed by other researchers in many cases. For
example, although the agglomeration of RGO sheets was
hindered by Cu,O nanoparticles, the Cu,O/RGO composite
exhibited a low specific surface area of 92.2 m? g~!.52 The specific
surface area of graphene-based nanocomposites was even
decreased to 2.3 m? g~! when the content of graphene was 5 wt%
in the case of CdS/RGO composite.>* Therefore, it is reasonable
that our prepared RGO/Ni-1 and RGO/Ni-2 nanocomposites
with high Ni-loading (65 and 80 wt%) show low specific surface
area as compared with pure graphene. The larger specific surface
area of RGO/Ni-1 than RGO/Ni-2 could be attributed to the
lower content and smaller size of the Ni nanoparticles in RGO/
Ni-1 nanocomposites.

Magnetic properties

The magnetic properties of the as-synthesized RGO/Ni-1 and
RGO/Ni-2 nanocomposites were investigated at room tempera-
ture. Both RGO/Ni-1 and RGO/Ni-2 nanocomposites exhibit
typical ferromagnetic behavior (Fig. 6) with a saturation
magnetization of 19.1 and 35.7 emu g ', respectively. The satu-
ration magnetization (M;) values of Ni in the composites were
calculated to be 29.4 and 44.6 emu g~' Ni, which are smaller than
the reported value of bulk Ni (55 emu g ").5 This can be
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Fig. 6 Magnetic hysteresis loops of RGO/Ni-1 and RGO/Ni-2 nano-
composites at 300 K. The inset is magnified hysteresis loop in low field
zone.

attributed to the small particle size of Ni nanoparticles in the
composites, which can decrease the effective magnetic moment of
Ni.%¢ The coercivity (H,) is determined to be 179 Oe for RGO/Ni-
1 and 118 Oe for RGO/Ni-2 nanocomposites. The H. of RGO/
Ni-1 is larger than that of RGO/Ni-2 and bulk Ni (100 Oe). This
may originate from the smaller size, which may change the
magnetization reversal mechanism and lead to a higher coer-
civity.’” The other parameters such as internal stress, orientation,
defects, and morphology would also contribute to the increase of
coercivity since it is sensitive to many structural parameters.®
It is worth noting that Ni nanoparticles with a size of ca. 2—
4 nm are single magnetic domain owing to the small size, and
usually display superparamagnetic behavior under ambient
conditions.5* It seems that the ferromagnetic-like behavior of
the RGO/Ni-1 sample inherently correlates with the existence of
interaction between RGO and Ni, through which electronic
structure modifications and symmetry breaking could influence
the magnetic anisotropy term. The RGO/Ni-1 nanocomposites
would have potential applications in data storage, since this
room-temperature ferromagnetic-like behavior with particle size
of Ni below single domain size is highly expected in this field.>* In
addition, the RGO/Ni-2 nanocomposites with RGO-wrapped
structure may find applications in targeted drug transportation
and magnetic resonance imaging technology in respect that
graphene is highly biocompatible and stable in ambient condi-
tions. Particularly, the carbon-wrapped magnetic nanoparticles

could also be used as catalyst carriers for loading catalytically
active species on their surfaces, which might facilitate the sepa-
ration of expensive catalyst species from products by an external
magnetic field.?”

Catalytic properties

The reduction of aromatic nitro compounds to amines is a very
important process in synthetic organic chemistry and in
industrial fabrication of many industrially important products.
In this study, the reduction of p-nitrophenol into p-amino-
phonol by NaBH,; was employed as a model reaction to
quantitatively evaluate the catalytic activity of the as-synthe-
sized nanocomposites. This reaction has been demonstrated to
be useful for the analysis of the catalytic activity of noble
metal.®*% Controlled experiments have shown that the reduc-
tion reaction does not take place in the absence of catalysts or
presence of pure RGO, even with a period of two days. It is well
known that p-nitrophenol exhibits a strong absorption peak at
400 nm in alkaline solution.®*** As the reduction reaction
proceeded, the intensity of the absorption peak at 400 nm
gradually decreased. Fig. 7 shows the UV-vis spectra of the
diluted reaction solution measured at every 20 min intervals
using RGO/Ni-1 nanocomposites as catalyst. It can be seen that
the absorption associated with p-nitrophenol at 400 nm
decreases with a concomitant increase of the absorption at
300 nm from p-aminophenol as the reduction reaction pro-
ceeded. These results indicate that RGO/Ni-1 nanocomposites
can successfully catalyze the reduction reaction due to the
presence of Ni.

In the reduction process, as excess NaBH, was used, the BH,~
concentration can be considered as a constant throughout the
reaction. The UV-vis spectra also exhibit an isosbestic point
between two absorption bands, indicating that only two prin-
cipal species, p-nitrophenol and p-aminophenol, influence the
reaction kinetics.%® Therefore, pseudo first order kinetics could be
applied for the evaluation of rate constants in this case. The ratio
of absorbance A4 (at peak of 400 nm) of p-nitrophenol at time ¢ to
its original value 4y measured at t = 0 directly gives the corre-
sponding concentration ratio C/Cy of p-nitrophenol. Thus the
kinetic equation of the reduction reaction could be given as
follows:

0.8
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T T
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Fig. 7 Successive UV-vis spectra for the reduction reaction of p-nitro-
phenol by NaBH, with RGO/Ni-1 as a catalyst.
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Fig. 8 Pseudo first order plot of InAy versus reaction time for the
reduction of p-nitrophenol catalyzed by different catalysts.

kt =InCy — InC = 1ndy, — In4

where C and Cy are the concentration of p-nitrophenol at time ¢
and ¢t = 0, respectively; k is the apparent rate constant. The
kinetic parameters of the reduction reaction can be obtained by
monitoring the absorbance at 400 nm (A4490) as a function of
time. The relations of InA44qg versus ¢ under different catalysts are
shown in Fig. 8. It is clear that InA4499 shows good linear corre-
lation with the reaction time for all catalysts, indicating that the
reaction follows first-order kinetics. The rate constants for
different catalysts were estimated from diffusion-coupled first
order reaction kinetics using the slopes of the straight lines and
are given in Table 1. The rate constant for RGO/Ni-1 (or RGO/
Ni-2) nanocomposites is almost two times higher than that
obtained for Ni-1 (or Ni-2) with free Ni nanoparticles, indicating
that the catalytic activity of Ni nanoparticles can be remarkably
improved by combining them with RGO sheets. Such an
enhancement in catalytic activity can be attributed to the
following two factors: (i) Due to the peculiar electronic structure
of RGO, the nanocomposites may possess high migration effi-
ciency of electrons, which play an important role in enhancing
the catalytic activity for the reduction of p-nitrophenol.** (ii) As
compared with bare Ni nanoparticles, RGO nanocomposites can
offer an environment to prevent aggregation of Ni nanoparticles
and obstruct facile loss of activity. It should be noted that the
RGO/Ni-1 exhibits a higher catalytic activity than RGO/Ni-2.
This may be due to the smaller size of Ni nanoparticles and
higher surface area of RGO/Ni-1 as compared with those of
RGO/Ni-2 nanocomposites.

For further estimation of these composite catalysts, RANEY®
Ni catalyst was also prepared and tested for this reduction
reaction under the same reaction conditions. It was found that
the catalytic activity of RGO/Ni-1 was even higher than that of
RANEY® Ni catalyst, indicating the excellent catalytic perfor-
mance of the RGO/Ni nanocomposites. Moreover, the

ferromagnetic property of the RGO/Ni nanocomposites is useful
for separating the catalysts from the reaction system by
a magnet. This economical and easy method for the synthesis of
RGO-nickel catalyst together with its high catalytic activity
provides a potentially new approach for the design and
construction of the nanostructured catalysts with excellent
performance.

Conclusions

In summary, RGO/Ni nanocomposites with different morphol-
ogies were successfully synthesized by a facile in situ reduction
approach. The starting amount of the nickel chloride has a great
influence on the size of Ni nanoparticles and the composite
morphology. The size of the Ni nanoparticles on RGO sheets can
be tuned from below 5 nm to several tens of nanometres.
Magnetic studies reveal that the RGO/Ni nanocomposites
display room-temperature ferromagnetic behavior, even for the
nanocomposites with 2-4 nm Ni nanoparticles. This unique
magnetic properties make them promising for practical appli-
cations in future nanodevices. In addition, the composites show
remarkably improved catalytic activity in the reduction of
p-nitrophenol. The catalytic performance of RGO/Ni nano-
composites was even higher than the industrial RANEY® Ni
catalyst. Thus, the RGO/Ni nanocomposites with good magnetic
and catalytic properties may find applications in many fields such
as catalysis, data storage and biomedicine. The enhanced cata-
Iytic performances arising from synergistic coupling between
nanoparticles and RGO may open up a new approach to
advanced catalysts.
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