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Novel NiFe2O4/graphene nanocomposites were synthesized via facile, one-pot solvothermal route, and
the effects of processing conditions and composition on their magnetic properties have been studied. The
nanocomposites consisted of monolayer graphene sheets decorated with uniformly dispersed NiFe2O4
nanoparticles of 6 nm in diameter. Increases in solvothermal temperature and time gave rise to improved
crystallinity of NiFe2O4 nanoparticles and thus enhanced magnetic properties, while a high NiFe2O4
content resulted in a similar ameliorating effect on saturation magnetization, demonstrating tailored
functional properties. A magnetic interaction between NiFe2O4/grahene was observed.
& 2014 Elsevier B.V. All rights reserved.
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1. Introduction
As an emerging carbon material with unique two-dimensional
conjugated chemical structure, graphene has attracted a great deal
of attention in recent years. It has excellent electrical and thermal
conductivities, chemical stability, extremely large speciﬁc surface
area of about 2630 m2 g  1, superior mechanical properties and
useful electrochemical behavior [1,2]. Owing to these fascinating
properties, graphane has been ﬁnding many potential applications
in catalysis [3,4], hydrogen storage [5], electrochemical energy
storage [6,7], gas sensors [8,9], solar cells, [10] transparent electrodes [11], and EMI Shielding devices [12]. The magnetic properties of graphene-based composites have also received much attention because of their extreme importance in applications as
light nonmetallic magnetic materials [13]. Pristine graphene is
intrinsically nonmagnetic due to the delocalized π-bonding network, but defects, such as vacancies, are found to have a strong
inﬂuence on its magnetic nature. Furthermore, the large π-conjugation of residual C–O–C, C–OH, COOH and C ¼ O groups clinging
to the main graphene skeleton provides the stability for localized
magnetic moments [13–16]. Therefore, it is reported that graphene
and its derivatives show a ferromagnetic to diamagnetic characteristic from low temperatures to room temperature due to the
change in topological properties or functionalization [15].
In light of the aforementioned fascinating properties, combining graphene with other compounds with suitable functionalities,
n

Corresponding author.
E-mail address: aataie@ut.ac.ir (A. Ataie).

http://dx.doi.org/10.1016/j.jmmm.2014.12.014
0304-8853/& 2014 Elsevier B.V. All rights reserved.

such as metal oxides, may result in composite materials possessing
functional characteristics that are absent when the individual
components acting alone [17]. To prepare a graphene-based
magnetic composite, ferrites appear to be fascinating additives.
Soft ferrites, such as NiFe2O4 are mixed metal oxides with a general formula of MFe2O4 (M ¼divalent metal ion, e.g. Ni, Co, Cu,
etc.), which are among the most attractive classes of magnetic
materials popularly used in microwave devices, recording media
and antenna rods [18–20]. This class of materials also beneﬁts
from their multi-functional properties, such as various redox
states and electrochemical stability [21], which make them ideal
candidates in catalytic/photocatalytic applications [22–24], electrochemical energy storage devices [25,26] and gas/humidity
sensors [27,28].
Common challenges encountered in synthesizing metal oxides,
including NiFe2O4, are uncontrolled agglomeration and growth
into large particles that often impair their intrinsic properties. One
of the most facile ways to resolve such challenges is to synthesize
these nanomaterials on a graphene oxide (GO) that serve as 2D
substrate. Particles tend to nucleate on the functional groups of GO
sheets, naturally resulting in uniformly-dispersed nanoparticles
without agglomeration [1]. Although a myriad of studies have
been recently directed towards synthesis and functional application of metal oxide/graphene nanocomposites, there are only few
reports focusing on the effects of synthesis parameters and composite compositions on desired functional properties and magnetic
interactions between graphene and the active nanoparticles.
Herein, we report facile one step low temperature synthesis of
graphene–NiFe2O4 nanocomposites via solvothermal route. The
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Fig. 1. Schematic of the synthesis of the NF/G composites.

GO dispersion vigorous stirring, followed by drop-wise addition of
NH3 to adjust the pH of the mixture to about 10 and stirred for 1 h.
The resulting mixture was transferred into a Teﬂon-lined stainless
steel autoclave and heated to 120 or 180 °C for different periods of
times between 10 and 20 h. After solvothermal treatment, the
autoclave was allowed to cool down to ambient and the product
was washed with water and ethanol for several times followed by
drying at 60 °C in a vacuum oven. To investigate the effects of
composition, composites were also prepared using the same procedure with different NF:G ratios.
2.2. Characterization

Fig. 2. XRD patterns of NF/G nanocomposites synthesized at (a) at 120 °C for 10 h;
(b) at 120 °C for 16 h; (c) at 120 °C for 20 h; (d) at 180 °C for 10 h; (e) at 180 °C for
16 h; and (f) 180 °C for 20 h.

effects of important process parameters on microstructure and
magnetic properties of the samples have been systematically
studied.

2. Experimental

X-ray photoelectron spectroscopy (XPS, Surface analysis
PHI5600, Physical Electronics) was employed to evaluate the
chemical states of the nanocomposites using Al Kα line as the
excitation source. The phase structure of the nanocomposites was
determined on a powder X-ray diffraction (XRD) system (PW1830,
Philips) with Cu Kα radiation from 10° to 90°. The morphologies of
the nanocomposites were examined using high-resolution transmission electron microscopy (HRTEM, JEOL 2010) at 200 kV. The
magnetic properties of the nanocomposites were measured at
room temperature on a vibrating sample magnetometer (VSM
7300, Lake Shore) under the maximum magnetic ﬁeld of 900 mT.
Magnetic properties were measured based on the total weight of
the composite powder i.e. graphene and NiFe2O4 content.

2.1. Materials and synthesis of NiFe2O4/graphene (NF/G)
nanocomposites
3. Results and discussion
Graphene oxide (GO) was prepared using a chemical method
based on our previous studies [29,30]. Essentially, natural graphite
ﬂakes (supplied by Asbury Carbons, USA) intercalated with H2SO4
was thermally expanded at 1050 °C for 30 s to obtain expanded
graphite (EG). EG was mixed with H2SO4 and KMnO4, and stirred
for 24 h at 60 °C. The solution was transferred into an ice bath, and
deionized (DI) water and H2O2 were gradually added to the mixture resulting in a color change of the dispersion to light brown.
After stirring for 30 min, GO was washed three times using HCl:DI
water solution in the ratio of 1:9, followed by washing with DI
water until the pH of the solution reached the natural value of
about 5. GO thereby obtained was redispersed in ethanol at a
concentration of 1 mg ml  1.
Fig. 1 shows a schematic of the synthesis of the NF/G composites. To prepare NF/G nanocomposites containing 60 wt% of graphene, 0.141 g Fe(NO3)3  9H2O (Sigma Aldrich) and 0.0511 g
Ni(NO3)2  9H2O (Sigma Aldrich) were initially mixed with 60 ml

Fig. 2 shows the XRD patterns of the NF/G nanocomposites
synthesized using different solvothermal conditions. The diffraction peaks in all samples were identical and consistent with
NiFe2O4, indicating virtually no effect of graphene substrate on
crystalline structure of NF nanoparticles. The peak at 26.5° in
samples prepared at 120 °C for 10 and 16 h (Fig. 2a and b) is related to the graphitic structure, which disappeared after the prolonged treatment at higher temperatures. The disappearance may
arise from the disordered stacking of graphene sheets due to the
growth of NF particles [31]. The generally broadened peaks for the
nanocomposites are a reﬂection of the formation of very ﬁne
NiFe2O4 nanocrystals. The nanocomposites synthesized at 120 °C
shows a more amorphous structure than those prepared at 180 °C.
Furthermore, increasing the solvothermal duration from 10 to 20 h
at an identical temperature resulted in sharper peaks as a consequence of the improvement in crystalline structure.
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Fig. 3. (a) Ni 2p XPS spectra, (b) Fe 2p XPS spectra of nanocomposites at different synthesis conditions, and (c) deconvoluted C1S spectra of nanocomposites before
treatment and after solvothermal processes at 120 °C and 180 °C for 10 h.

Fig. 3 shows the XPS spectra of the nanocomposites synthesized under different conditions. The Ni 2p XPS spectra (Fig. 3a)
exhibited two peaks at 852.5 and 870.2 eV, which are assigned to
Ni 2p3/2 and Ni 2p1/2, respectively [32]. Two peaks Fe 2p3/2 and Fe
2p1/2 were located at 711.6 and 725.1 eV (Fig. 3b), representing the
existence of Fe3 þ and the formation of NiFe2O4, respectively [32].
To determine the degree of reduction of GO under different processing conditions, the corresponding deconvoluted C 1s spectra of
NF/GO before and after selected solvothermal processes are shown
in Fig. 3c. The spectra obtained before the treatment exhibited four
peaks at 284.6, 286.2, 288.0 and 289.5 eV, corresponding to carbon
atoms with different oxygenated functional groups: namely, nonoxygenated C, C–O, C ¼ O and O–C ¼O, respectively [33]. Regardless
of processing conditions, the peak intensities of the oxygenated
functional groups in the samples after treatment were much lower
than those of the NF/GO obtained before treatment, conﬁrming
effective reduction of GO.
Fig. 4 shows the HRTEM images of pure NF particles synthesized at 180 °C for 12 h and the NF/G nanocomposites synthesized
under different conditions. As shown in Fig. 4(a) pure NF particles
were of irregular shapes and highly aggregated together. But in the
nanocomposites containing the graphene substrate, NF nanoparticles were all in a spherical shape. Furthermore, as it is obvious
in Fig. 4(c and d) the NF particles were uniformly dispersed on the
surface of graphene sheets in all samples, indicating that these
particles were nucleated on certain sites of the graphene sheets
(Fig. 4(c and d)). These sites are the oxygenated functional groups

of GO sheets. The average particle size was estimated to be about
6 nm in all composite, but in pure NF powder it was not easy to
measure the particle size due to the particles irregular shapes and
also high degree of agglomeration. Therefore, it is postulated that
the graphene layers limited the growth of particles beyond this
size even with changes in processing condition. Actually graphene
substrate plays a critical role in growth of uniform shape well
dispersed NF nanoparticles. The high transparency of the substrate
proves that the graphene layer was very thin and probably of
single layer.
Fig. 5 shows a comparison between HRTEM images and the corresponding fast Fourier transformation (FFT) patterns of the NF/G
nanocomposites with different solvothermal conditions. The related
FFT pattern of NF/G synthesized at 120 °C (Fig. 5b) for 10 h showed
an amorphous structures. Increasing the time to 20 h led to emergence of lattice fringe spacing of 0.25 nm well matched with (311)
planes of NiFe2O4 (Fig. 4d). More lattice fringes could be seen in FFT
pattern related to the sample synthesized at 180 °C for 10 h. The
lattice fringe spacings of this sample measured from FFT pattern
(Fig. 4f) were 0.25, 0.29, 0.24 and 0.21 nm, which match with (311),
(220), (222) and (400) planes respectively, of NiFe2O4 nanoparticles.
Therefore it could be concluded that increasing the synthesis temperature, from 120 to 180 °C, led to an obvious improvement in
crystalline structure. This observation is valid even with a short solvothermal time of 10 h, indicating the importance of synthesis
temperature more than the duration of process for the formation of
NF nanocrystals, which also agrees with the XRD patterns.
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Fig. 4. HRTEM images of (a) pure NF particles synthesized at 180 °C for 12 h; NF/G nanocomposites synthesized at 180 °C for (b) 10, (c) 16 and (d) 20 h.

Magnetic hysteresis curves of the NF/G nanocomposites synthesized under different conditions are shown in Fig. 6, and the
corresponding saturation magnetization values are summarized in
Table 1. Saturation magnetization values were calculated based on
the total weight of graphene and NiFe2O4 in the composites. Regardless of the synthesis conditions, all these nanocomposites
presented almost superparamagnetic behavior. The saturation
magnetization increased with increasing solvothermal temperature and time (Fig. 6a and b), as a result of the improved crystallinity conﬁrmed by the TEM and XRD results. Fig. 6c shows that an
increase in NF content from 20 to 60 wt% gave rise to a signiﬁcant
increase in saturation magnetization from about 5.75 to
22.97 A m2 kg  1.
Fig. 7a shows the onset of hysteresis curves of a representative
NF/G composite and neat graphene near the zero point where the
two axes intercept. It is seen that there was a marginal parallel
shift of the curve toward negative applied ﬁled in the hysteresis
loop of the NF/G nanocomposite. The same behavior was observed
in all composites, which might be attributed to the contribution of
graphene to magnetic properties of the nanocomposites. It is
shown previously that reduced GO exhibited a transition from
ferromagnetism to diamagnetism when the temperature was

changed from a very low temperature of 8 K to ambient [14,15].
Furthermore, it is proposed that large π conjugation of residual
C–O–C, C–OH, COOH and C ¼O functional groups clinging to the
main graphene skeleton provide the stability for localized magnetic moments [15]. To clarify the role of graphene played in
magnetic properties of NF/G naocomposites, neat graphene was
synthesized under the same condition, i.e. at 180 °C for 12 h, and
its magnetic behavior was measured at room temperature on a
VSM, as shown in Fig. 7b. As expected, the neat graphene showed
a diamagnetic characteristic in the magnetic ﬁeld where its momentums opposed the external magnetic ﬁeld. In view of the high
weight fraction of graphene added in the nanocomposites, which
had totally different magnetic behavior from that of NF, there
might be a strong interaction between these two materials to
show such behavior. A similar interaction is also known between
the ferromagnetic and antiferromagnetic phases in a composite in
the so-called ‘exchange coupling’ phenomenon which results in
widening and shifting of the hysteresis loop [34]. Here, it is
hypothesized that such an interaction may occur between the
momentums of graphene and NF in presence of a magnetic ﬁeld,
inducing the aforementioned shift toward the negative ﬁeld.
However, further investigations and measurements are required at
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Fig. 5. (a) HRTEM images and the corresponding FFT patterns of NF/G nanocomposites synthesized at (a and b) 120 °C for 10 h; (c and d) 120 °C for 20 h; and (e and f) 180 °C
for 10 h.

low temperatures to provide additional physical evidence. Herein,
we propose that the magnetic nanoparticles attached on the surface of graphene may acts like defects or functionalizing agents on

graphene, which not only create a stable graphene-based magnetic
material, but also leads to much stronger and easily tunable
magnetic properties than functionalized or defect-containing
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Fig. 6. Magnetic hysteresis curves of (a) NF/G: 40/60 nanocomposites synthesized at 120 °C and (b) 180 °C at different durations of 10, 16 and 20 h and (c) NF/G.

Table 1
Saturation magnetization values of NF/G nanocomposites.
NF:G ratio

40:60

20:80
60:40

Temperature (oC)

Time (h)

Ms (A m2 kg  1)

120
120
120
180
180
180
180
180

10
16
20
10
16
20
10
10

8.30
14.14
17.17
12.18
18.24
21.26
5.75
22.9

Fig. 7. Magnetic hysteresis curves of (a) a representative NF/G nanocomposite (with a NF:G ratio of 40:60 and processed at 120 °C for 20 h) near the zero point where the
two axes of magnetization and applied ﬁeld intercept and (b) neat graphene.
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graphene acting alone. Such graphene-base magnetic materials
may have a positive impact on the emergence of spintronic
applications of magnetic semiconductors.

4. Conclusions
Magnetic graphene-based nanocomposites decorated with
uniformly dispersed NiFe2O4 (NF) nanoparticles have been synthesized by a low temperature, one-step solvothermal route. It is
demonstrated that the saturation magnetization could be easily
tuned by changing the process parameters, including the solverthermal temperature and duration as well as the nickel ferrite
nanoparticle content. The ameliorating effects of higher temperatures and longer processing times arose from improved degrees of NF nanoparticle crystallization. It is hypothesized that an
interaction existed between the momentums of graphene and NF
particles in presence of a magnetic ﬁeld, leading to a shift in
hysteric behavior of the nanocomposites.
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