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In this study, reduced graphene oxide (RGO) supported Ni nanoparticles were synthesized by a facile
in-situ refluxing approach using triethylene glycol as both reductive and dispersing agent. The as-
synthesized RGO/Ni nanocomposites were characterized by X-ray diffraction, Raman spectroscopy and
transmission electron microscopy, which revealed that Ni nanoparticles with hexagonal close-packed
structure were homogeneously dispersed on the surface of RGO sheets. The catalytic activity and electro-
chemical properties of the RGO/Ni nanocomposites were investigated. It is found that the RGO/Ni
nanocomposites exhibit markedly enhanced catalytic activity toward the reduction of p-nitrophenol by
NaBH4, which is comparable to noble metal catalyst. The RGO/Ni nanocomposites also exhibited excellent
electrocatalytic response to glucose. The linear range, detection limit and sensitivity were estimated to be
0.01–3.0 mM (R2 = 0.997), 2.8 lM and 535.258 lA mM�1 cm�2, respectively. It is expected that this facile
method presented here could be extended to synthesize other RGO/metal nanocomposites with various
functions.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

In recent years, the research on the catalysis of metal nanopar-
ticles has been developing at an extraordinary pace due to their
high density of states near Fermi levels [1,2]. Noble metal nanopar-
ticles are of particular interest in catalysis due to their high
chemical stability and catalytic activity [3]. However, high cost
and a finite availability of noble metals strongly limit their practi-
cal catalytic applications. Thus, in order to avoid the usage of noble
metals, non-precious transition metal catalysts become the first
choice in many catalytic processes. Among them, nickel metal
has received much attention because of its potential applications
in hydrogen storage, electrochemical capacitors, magnetic devices,
microwave absorption, as well as catalysis in various chemical
reactions [4–8]. Notably, to maximize the catalytic activity of
nickel metal, loading the nickel nanoparticles on the suitable
supporting materials is highly desirable [9].
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Over the past two decades, carbon nanomaterials as the solid
supports to disperse and stabilize the metal nanoparticles in cat-
alytic process have received a great attention by the researchers.
Since its discovery in 2004, graphene has initiated an explosive
interest as one of the ideal support among all the carbonaceous
materials due to its outstanding properties, such as unique sheet
structure, extremely large surface area, high mechanical stiffness,
as well as superior chemical stability [10–12]. The synergetic
effects between graphene and nanomaterials can enhance the
catalytic properties and improve the functionalities of the
graphene-based nanocomposites [13–16]. Up to now, some inves-
tigations have been done on the synthesis of graphene supported
nickel nanoparticles for improving the properties of nickel metal.
However, despite the significant efforts, there still exist some chal-
lenges and problems in the study of graphene/Ni nanocomposites:
(i) many of the synthesis approaches to graphene/Ni nanocompos-
ites suffer from the use of hazardous or toxic reducing agents, and
their use should be avoided in the large-scale production. (ii) The
nickel nanoparticles supported on graphene are mainly face-
centered cubic structure, hexagonal close-packed structure Ni is
rarely reported. Specifically, Yang and co-workers established a
facile chemical approach to grow hexagonal close-packed Ni
nanocrystals on graphene, which exhibit excellent microwave
absorbability [17]. However, an organic stabilizer (octadecylamine)
is required during the procedure, and the catalytic properties of the
as-prepared graphene/Ni nanocomposites are not studied yet.
Therefore, it is desirable to develop an environmentally friendly
and facile approach to prepare hexagonal close-packed nickel
supported on graphene with excellent catalytic properties.

Very recently, we have developed an in-situ reduction approach
for the synthesis of RGO-supported and wrapped nickel nanoparti-
cles with face-centered cubic structure, which show enhanced cat-
alytic properties [18]. Continuing with this line of research, in the
present manuscript we present a facile refluxing approach for the
synthesis of RGO supported hexagonal close-packed Ni nanoparti-
cles using triethylene glycol as both reductive and dispersing
agent. In addition, the catalytic properties of the RGO/Ni nanocom-
posites in the reduction of p-nitrophenol by NaBH4 and electrocat-
alytic oxidation of glucose are systematically investigated.
2. Experimental

2.1. Materials

Natural flake graphite (45 lm, 99.95%) was obtained from
Aladdin Industrial Corporation (Shanghai, China). All of the other
reagents employed in this study are commercially available
analytical-grade and used as received without further purification.
Graphite oxide was synthesized by the oxidative treatment of
natural flake graphite using a modified Hummers method reported
previously [19,20].
2.2. Preparation of RGO/Ni nanocomposites

In a typical procedure to synthesize the RGO/Ni nanocompos-
ites, 25 mg of graphite oxide was dispersed in 50 mL of triethylene
glycol by ultrasonication to form a homogeneous dispersion.
Subsequently, 0.3 g of nickel acetylacetonate was added to the
above system. After stirring for about 15 min, the resulting mixture
was then transferred into a 100 mL round-bottomed flask and
heated at 270 �C under magnetic stirring for 1 h. The solid products
were separated by centrifugation, washed thoroughly with water
and ethanol to remove any impurities, and then dried in a vacuum
oven at 45 �C for 12 h. RGO/Ni nanocomposites with different Ni
loadings were prepared by simply varying the feed amount of
nickel acetylacetonate with other experimental conditions
unchanged. The obtained samples were denoted as RGO/Ni-0.2
and RGO/Ni-0.35 for feeding 0.2 and 0.35 g of nickel acetylaceto-
nate, respectively. Pure RGO and Ni were also obtained through a
similar procedure in the absence of nickel acetylacetonate and
graphite oxide, respectively.

2.3. Instrumentation and measurements

Powder X-ray diffraction (XRD) measurements were carried out
on an X-ray diffractometer (Shimadzu XRD-6100 Lab) with Cu Ka
radiation (k = 1.5406 Å) at a scanning rate of 5�min�1. The mor-
phology and size of the products were examined by transmission
electron microscopy (TEM) and high resolution TEM (HRTEM, JEOL
JEM-2100). The loading amounts of Ni in the RGO/Ni nanocompos-
ites were evaluated by an inductively coupled plasma-optical
emission spectrometer (ICP-OES, Vista-MXP, Varian). Raman
scattering was collected at room temperature using a DXR Raman
spectrometer with 532 nm laser source from an Ar+ laser. The
X-ray photoelectron spectroscopy (XPS) measurements were
performed by using a Thermo ESCALAB 250XI spectrometer.
Ultraviolet–visible (UV–vis) spectroscopy measurements were
recorded with a UV-1800PC UV–vis spectrophotometer.

2.4. Catalytic reduction of p-nitrophenol

In a typical procedure, the aqueous solutions of p-nitrophenol
(10 mM) and NaBH4 (1.0 M) were freshly prepared. Then, 5 mg of
catalysts and 2 mL of NaBH4 solution were added to 100 mL of dis-
tilled water under magnetic stirring. After stirring for about
15 min, 0.5 mL of 4-NP solution was then added to start the
reaction. The reaction was carried out at room temperature with
continuous stirring until the deep yellow color of the solution
became colorless. During the reaction process, a small portion of
the reaction mixture was quickly withdrawn from the reaction
system, followed by measuring UV–vis absorption spectra of the
solution to monitor the concentration of p-nitrophenol through
its absorption peak at 400 nm.

2.5. Electrocatalytic experiments

The electrocatalytic properties of the RGO/Ni nanocomposites
toward glucose were carried out on a beaker-type three-
electrode setup using a CHI 760D electrochemical analyzer (Chen
Hua Instruments, Shanghai, China) at room temperature. Platinum
wire, saturated calomel electrode (SCE) and glassy carbon (3 mm in
diameter) coated with nanocomposites were used as counter elec-
trode, reference electrode and working electrode, respectively.
Before surface modification, the glassy carbon electrode was
polished with 1.0, 0.3, and 0.05 lm alumina powders sequentially,
followed by sonication in ethanol and distilled water successively.
Then the washed glassy carbon electrode was dried at room
temperature and ready for modification. To obtain the RGO/Ni
nanocomposites modified glassy carbon electrode, 5.0 mg of
RGO/Ni powder and 20 lL of Nafion solution (5 wt%, Alfa Aesar)
were dispersed in 1.0 mL of ethanol and ultrasonicated for
30 min to form a homogeneous catalyst ink. A total of 6 lL of the
RGO/Ni dispersion was dropped on the clean surface of glassy car-
bon electrode and was allowed to dry in ambient air. Using the
modified RGO/Ni working electrode, cyclic voltammetry was con-
ducted in an aqueous solution with an electrolyte of 0.1 M NaOH
at room temperature. The cyclic voltammetry measurements
required operation of the electrode in a range of potential of
0.1–0.6 V versus SCE. Amperometric measurements were per-
formed by successive injection of a certain concentration of
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glucose solution into the stirring 0.1 M NaOH solution, and the
current was recorded when it reached the steady state.

3. Results and discussion

3.1. Structural and morphological characterization

Herein, an efficient one-step refluxing approach was developed
for the fabrication of RGO/Ni nanocomposites. Typically, nickel
acetylacetonate was first mixed with the pre-synthesized GO
colloidal suspension. After being heated at 270 �C for 1 h, the
Ni2+ ions were in-situ reduced to form Ni nanoparticles, while
GO nanosheets were reduced to RGO at the same time. Thus,
RGO/Ni nanocomposites were successfully prepared. The phase
structure of the as-synthesized samples was firstly determined
by XRD (Fig. 1a). In the case of graphite oxide, the obvious peak
centered at 2h of about 11� corresponds to the (0 0 1) reflection
of graphite oxide [21]. For Ni nanoparticles, the characteristic
peaks, in good agreement with the standard data of Ni (JCPDS no.
45-1027), can be indexed to hexagonal structured Ni. The peaks
originate from (0 1 0), (0 0 2), (0 1 1), (0 1 2), (1 1 0), and (103)
crystal planes, respectively. The RGO/Ni nanocomposites show
similar XRD pattern. The major diffraction peaks in RGO/Ni
nanocomposites are in accordance with the XRD pattern of Ni.
The weak and broad peak at 2h of about 25� originates from the
short-range ordered stacking of graphene nanosheets, which
indicates that graphite oxide in RGO/Ni nanocomposites has been
well flaked and reduced. Fig. 1b shows the typical Raman spectra
of graphite oxide and RGO/Ni nanocomposites. Two prominent
characteristic peaks can be observed in both the samples, which
are attributed to well-documented in-plane A1g zone-edge mode
(D band) and the doubly degenerate zone center E2g mode
(G band), respectively [22,23]. The peak integrated intensity ratio
of D to G bands (ID/IG) provides the gauge for the amount of the
defects and the degree of disorder in carbon structure [24,25]. In
this case, the ID/IG ratios for graphite oxide and RGO/Ni nanocom-
posites are 1.36 and 1.89, respectively. This result implies that an
increase in the number of defects was produced after the introduc-
tion of Ni nanoparticles on the RGO sheets.

Important information about the near-surface chemical compo-
sitions of graphite oxide and RGO/Ni nanocomposites can be
further provided by XPS analysis (Fig. 2). C1s and O1s peaks can
be observed in the XPS survey scan of graphite oxide (Fig. 2a). In
the XPS spectra of RGO/Ni nanocomposites, the element composi-
tion of the composite including C, O and Ni was further identified
from the full survey scan XPS spectrum. The peaks located at 854.9
and 872.5 eV in Fig. 2b are assigned to the binding energy of Ni
10 20 30 40 50 60 70 80

(1
03

)

(1
10

)

(0
12

)

(0
11

)

(0
02

)
(0

10
)

RGO/Ni

(0
02

)

Ni

graphite oxide

(0
01

)

(a)

2 degree

In
te

ns
ity

 (a
.u

.)

Fig. 1. (a) XRD patterns and (b) Raman spectra of
2p3/2 and Ni 2p1/2, which reveals that the zero valent Ni is obtained
after reduction from Ni2+ [26]. The higher energy bands with
relatively low intensities located at 860.6 and 879.2 eV can be
attributed to a higher oxidation state of Ni, formed by inevitable
oxidation upon the exposure to air. Fig. 2c and d shows the high-
resolution C1s spectra of the graphite oxide and RGO/Ni, which
can be deconvoluted into four different peaks that correspond to
C entities with different oxidation states. The peaks located at
the binding energies of 284.7, 286.6, 287.2, and 288.7 eV can be
assigned to CAC in aromatic rings, CAO (epoxy and hydroxy),
C@O (carbonyl), and O@CAO (carboxyl) groups, respectively
[27,28]. With the refluxing process, the intensities of XPS peaks
of the carbon atoms bonded to oxygen decreased significantly in
the spectrum of RGO/Ni nanocomposites. Further analysis of this
XPS spectrum indicates that the C/O molar ratio increases from
1.9 of graphite oxide to 3.2 of RGO/Ni, indicating the effective
removal of oxygen-containing functional groups in GO sheets.

In order to clearly observe the size, morphology and micro-
structure of the as-prepared samples, TEM measurement was
performed. Fig. 3 shows the representative TEM images of the
synthesized RGO/Ni nanocomposites and bare Ni. Partially folded
and crumpled morphology that is characteristic feature of RGO
nanosheets can be observed in Fig. 3a and b, and the surface of
RGO sheets is uniformly decorated with Ni nanoparticles. Almost
no free Ni nanoparticles are found outside of the RGO sheets
throughout the TEM observation process, indicating that the com-
bination between Ni nanoparticles and RGO nanosheets is highly
effective. The layers of RGO has been characterized by HRTEM.
Fig. S1a presents the HRTEM image of RGO nanosheets in RGO/Ni
nanocomposites. The arrow indicates a RGO platelet consisting of
6 graphene layers. HRTEM image of Ni nanoparticles (Fig. S1b)
revealed clear lattice fringes with an interplanar distance of
0.203 nm, which could be assigned to the (0 1 1) plane of hexago-
nal Ni. The size of the Ni nanoparticles in the nanocomposites is
determined to be about 231 nm (Fig. 3c). The content of Ni in
RGO/Ni nanocomposites was about 67 wt% according to ICP-OES
analysis. The morphology of bare Ni was also analyzed by TEM to
specifically investigate the influence of RGO on the morphology
of the Ni clusters. The TEM images in Fig. 3d show a significant
aggregation of the Ni nanoparticles. It indicates that RGO may
interact with Ni nanoparticles and inhibit their aggregation after
incorporation of them into composite materials. Graphene oxide,
as is known, can be regarded as an unconventional polymeric spe-
cies, would play a role as a polymeric surfactant in the reaction
system [29,30]. It may work as stabilizer or capping agent to inhi-
bit the aggregation of the Ni nanoparticles and result in a relatively
uniform distribution of Ni on RGO sheets.
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Fig. 2. (a) XPS survey scan of graphite oxide and RGO/Ni nanocomposites; (b) Ni 2p peaks of RGO/Ni nanocomposites; High-resolution C1s spectra of (c) graphite oxide and
(d) RGO/Ni nanocomposites.
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3.2. Catalytic properties toward p-nitrophenol

As is known, p-nitrophenol is a common organic pollutant that
can occur in agricultural and industrial waste water. In this
study, the catalytic performance of the RGO/Ni nanocomposites
was firstly quantitatively evaluated with the reduction of
p-nitrophenol by NaBH4 as a model reaction. This reaction is kinet-
ically restricted in the absence of a catalyst. After the addition of a
small amount of RGO/Ni nanocomposites into the above reaction
system, the yellow solution gradually became colorless, indicating
that the catalytic reaction occured. The catalytic process of this
reaction was also monitored by time-dependent UV–vis absorption
spectra. As can be seen from Fig. 4a, the absorption peak at 400 nm
gradually weakens because of the decreasing concentration of
p-nitrophenol, while a new peak centered at 300 nm appears due
to the formation of p-aminophenol as the reaction time increases.

It is proposed that the reaction follows the pseudo-first-order
kinetics with respect to the concentration of p-nitrophenol when
excess NaBH4 was used [31]. In the reaction system, the ratio of
Ct and C0, where Ct and C0 are p-nitrophenol concentrations at time
t and 0, respectively, was measured from the ratio of the absor-
bances (At/Ao) at 400 nm. Good linear correlations of ln(At/Ao)
versus time t are observed, confirming the pseudo-first-order
kinetics (Fig. 4b). From the slopes of the straight lines, the apparent
rate constants for different catalysts can be obtained. The rate
constant of RGO/Ni nanocomposites is about 0.126 min�1, which
is about three times higher than that of bare Ni catalyst
(0.047 min�1). In addition, it is found that the content of Ni in
the nanocomposites has an important effect on the catalytic
efficiency. From Fig. S2, it can be seen that with the increase of
Ni content in RGO/Ni nanocomposites, the catalytic activity
increased at first and then decreased. The RGO/Ni nanocomposites
prepared with 0.3 g nickel acetylacetonate exhibits the best cat-
alytic activity toward the p-nitrophenol reduction. The catalytic
activity of RGO/Ni was even higher than that of commercial Raney
Ni catalyst, indicating the excellent catalytic performance of the
RGO/Ni nanocomposites. The rate constant is also comparable to
that of noble metal catalysts in the reduction of p-nitrophenol,
but the RGO/Ni composite is much cheaper [31]. In this study,
we also evaluated the catalytic stability of the RGO/Ni nanocom-
posites by monitoring catalytic activity during successive cycles
of the reduction reaction. As shown in Fig. S3, the catalytic
efficiency only displays a slight decrease without significant loss
of activity after five cycles. In addition, the interplanar distance
of Ni nanoparticles (Fig. S4) does not display noticeable changes
after catalysis, which confirms the high stability of the catalysts.
Since bare RGO do not show obvious catalytic activity (Fig. 4b), it
is deduced that the catalytic activity of RGO/Ni nanocomposites
originates from Ni, while RGO serve as synergist. The possible
reaction mechanism for p-nitrophenol reduction by NaBH4 can be
proposed in terms of the Langmuir-Hinshelwood model as follows
[32]: BH4

� will adsorb on the surface of the Ni nanoparticles and
transfer a surface-hydrogen species to the surface of Ni nanoparti-
cles. Concomitantly, the nitrophenolate ions will then adsorb onto
the Ni surface via nitro group, and then receive electrons generated
from the reaction of BH4

� and proton to form aminophenols. When
the product of p-aminophenol desorbs leaving free Ni surface, the
catalytic cycle can begin again. The RGO sheets with higher adsorp-
tion ability toward p-nitrophenol via p-p stacking interaction
would provide a drive for enriching p-nitrophenol molecules to
the Ni nanoparticle catalyst [33,34]. On the other hand, as
evidenced by the TEM images, RGO can offer an environment to
inhibit the aggregation of bare Ni nanoparticles and obstruct the
loss of catalytic activity.



Fig. 3. (a and b) TEM images of RGO/Ni nanocomposites; (c) The size distribution of Ni nanoparticles in the nanocomposites; (d) TEM image of bare Ni.
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3.3. Catalytic properties toward glucose

It is well known that diabetes mellitus is a worldwide public
health problem and thus the detection of glucose is particularly
important [35]. Based on the enhanced catalytic activity of RGO/
Ni nanocomposites toward the reduction of p-nitrophenol, the
electrocatalytic oxidation of glucose in an alkaline medium was
also investigated in this work. Cyclic voltammetry was carried
out in a three electrode system over a potential range from 0.1 to
0.6 V with 0.1 M NaOH solution as the electrolyte. Fig. 5a presents
the representative cyclic voltammograms for RGO/Ni nanocompos-
ites electrode under different scan rates (10–100 mV/s). It is found
that all of the cyclic voltammograms show a pair of redox peaks,
which are assigned to the Ni(II)/Ni(III) redox couple in the alkaline
medium [36,37]. In addition, the cyclic voltammograms become
wider with the increasing scan rates from 10 to 100 mV/s, and
the potentials of the oxidation peak and reduction peak shift to
the positive and the negative directions, respectively. From
Fig. 5b, it can be seen that both anodic and cathodic peak currents
are linearly proportional to the square root of scan rate with high
correlation coefficient of 0.998 and 0.993. This reveals that the
electrode reaction in RGO/Ni is dominated by a diffusion controlled
kinetics with a fast electron transfer rate during the electrocat-
alytic process [38]. Fig. 5c shows the electrocatalytic responses of
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the RGO/Ni electrode in the presence of various concentrations of
glucose. As can be seen, when the concentration of glucose
increases from 0 to 5.0 mM, the electrooxidation peak currents
present a continuous increase and the oxidation potentials also
shift to more positive values, suggesting better electrocatalytic
activity of RGO/Ni nanocomposites toward glucose oxidation. The
catalytic reaction was performed for the oxidation of glucose to
glucolactone according to the following reactions [39,40]:

Niþ 2OH� ! NiðOHÞ2 þ 2e� ð1Þ

NiðOHÞ2 þ OH� ! NiOðOHÞ þ H2Oþ e� ð2Þ

NiOðOHÞ þ glucose ! NiðOHÞ2 þ glucolactone ð3Þ
It is well known that the detection potential strongly affects

the amperometric response of the electrode to glucose. Thus,
chronoamperometry experiments were performed at various
applied potentials for the RGO/Ni electrode by successive additions
of 100 lM glucose to 0.1 M NaOH solution at 50 s interval. As
shown in Fig. 5d, a higher current response is observed at 0.5 V,
which was then selected as the optimum working potential in
the following experiments.

The amperometric response of the RGO/Ni electrode was fur-
ther evaluated by successive injection of glucose into 0.1 M NaOH
with the solution stirred constantly at 0.5 V. As can be seen in
Fig. 6a, the RGO/Ni electrode shows a remarkable response to the
changes of glucose concentration, which suggests the sensitive
responses of RGO/Ni electrode to glucose oxidation reaction.
The corresponding calibration curve based on the amperometric
results is shown in Fig. 6b. The amperometric response is
linearly correlated with glucose concentration in the range of
0.01–3.0 mM with a correlation coefficient of 0.997. The sensitivity
is 535.3 lA mM�1 cm�2 and the detection limit can reach as low as
2.8 lM based on a signal-to-noise ratio of 3. In order to evaluate
the performance of our prepared RGO/Ni electrode, a comparison
of the RGO/Ni with other non-enzymatic glucose sensors is
shown in Table 1. It is worth mentioning that the electrocatalytic
performance in terms of the sensitivity, detection limit and linear
range of RGO/Ni electrode for glucose detection are comparable
with or even better than those obtained electrodes listed in the
table.

In non-enzymatic glucose sensor applications, the elimination
of interference responses toward species which having electroac-
tivities similar to the target analyte is highly significant for the
practical utilization of the electrodes. In this study, some easily
oxidative species, such as ascorbic acid (AA), uric acid (UA) and
dopamine (DA), which normally coexist with glucose in food and
biological samples, were examined. The normal physiological level
of glucose is about 30 times of interfering species, while the ratio is
even higher in food samples [46]. The anti-interference effect of
the as-prepared RGO/Ni electrode was tested by the addition of
0.1 mM of glucose at 0.5 V, followed by the additions of 0.02 mM
of interfering species and 0.1 mM of glucose gradually to a 0.1 M
NaOH solution, as shown in Fig. 7. It is clearly seen that an obvious
glucose response was obtained, while negligible amperometric
responses were observed for all the interfering species. This result
demonstrates that the RGO/Ni electrode has a good specificity for
glucose detection.



Table 1
Comparison of the analytical performance of our proposed RGO/Ni electrode with other materials based non-enzymatic glucose sensors.

Glucose sensor Linear range (mM) Sensitivity (lA mM�1 cm�2) Detection limit (lM) Ref.

RGO-Ni(OH)2 0.002–3.1 11.43 0.6 37
PVP-GNs-Ni-CS 0.0001–0.5 103.8 0.03 40
NiO/graphene 0.02–2.0 225.619 5.0 41
Ni/POAP/CPE 0.1–2.7 38.07 90 42
Ti/TiO2/Ni 0.1–1.7 200 4 43
GOD-Ag@C 0.05–2.5 24.65 20 44
RGO/Ag/GOD 0.5–12.5 3.84 160 45
RGO/Ni 0.01–3.0 535.3 2.8 This work
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4. Conclusions

In summary, a facile refluxing approach has been developed to
synthesize the RGO supported Ni nanoparticles. By using tri-
ethylene glycol as both reductive and dispersing agent, highly dis-
persed Ni nanoparticles with interesting hexagonal close-packed
structure were homogeneously deposited on the surface of RGO
sheets. Enhanced catalytic activity comparable to noble metal
catalysts toward the reduction of p-nitrophenol by NaBH4 was
obtained. When used as electrode material for glucose detection,
the RGO/Ni also shows prominent electrocatalytic activity with
lower detection limit, higher sensitivity, wider linear range
and excellent selectivity in contrast with previously published
electrode materials. This facile one-step route can be extended to
synthesize other metal nanostructures on RGO nanosheets with
various morphologies and functions, and provides a new approach
to advanced catalysts.
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