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a b s t r a c t

FePt nanoparticles with the chemically ordered fct crystal structure have been widely studied because of
the unique magnetic properties and the electrocatalytic activity for Oxygen Reduction Reactions (ORR).
In this study, reduced graphene oxide (r-GO) supported FePt nanoparticles are successfully synthesized
by a facile and completely green chemical approach. The structural, morphological, physicochemical and
magnetic properties of the synthesized materials are systematically investigated by X-ray diffraction
(XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), transmission electron microscopy
(TEM) and vibrating sample magnetometer (VSM) measurements. It is shown that the FePt nanoparticles
with the fct crystal structure uniformly growth on the surface of the r-GO and remain isolated even after
high temperature thermal treatment. Furthermore, the nanocomposite materials reveal strong ferro-
magnetic behavior at room temperature.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Last decade, there is a tremendous interest in the research
community concerning the development of hybrid materials based
on graphene or graphene oxides and inorganic materials from both
the fundamental and technological point of view. Graphene sheets,
a monolayer of carbon atoms with sp2 hybridization and fully
delocalized p-electrons, are attractive nanoscale building blocks for
the creation of new materials, owed to their unique nanostructure
and properties. Graphene oxide (GO), an oxygen rich derivative of
graphene decorated with hydroxyl, epoxy, and carboxyl groups is
created by strong oxidation of graphite. GO can be easily reduced to

graphene (r-GO) by various methods including chemical, catalytic,
plasma-induced, thermally induced and photo-induced reduction.
A plethora of methodologies has been reported in the literature for
the synthesis of inorganic nanoparticles/graphene composite ma-
terials including noble and precious metals [1e6], metal oxides
[7e10] and non-metallic elements such as sulfur [11], and phos-
phorous [5,12]. Concerning the magnetic/graphene composites, the
synthesis of Fe3O4/graphene composites for dye removal from
aqueous media have been recently reported [13], as well as the
synthesis of CoFe2O4/graphene via a traditional co-precipitation
procedure and tested for the catalytic decomposition of organic
pollutant [14]. Furthermore, the decoration of graphene and gra-
phene oxides with bimetallic magnetic particles like FeCo [15,16]
and FePt [17e21] has been reported mainly for catalytic applica-
tion in oxygen reduction reactions (ORR) and for biomedical
application like dual modal imaging and potential theranostic
platforms [22].
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Considering the procedures for the synthesis of FePt/r-GO
nanocomposites, Guo and Sun [17] followed a self-assembly
methodology of pre-synthesized fcc-FePt nanoparticles on GO
reduced by a DMF methodology, while Chen et al. [18] following a
solvothermal polyol method decorated and simultaneously
reduced GO with fcc-FePt nanoparticles. Hydrazine [19] and NaBH4
[20] reductionmethods have also been reported, leading to 4e6 nm
fcc-FePt particles on the surface of r-GO [19]. The main interest
concerning these particular nanocomposites arise from the
enhanced electrocatalytic activity and durability compared with
the traditional Pt based electrocatalysts [17]. Additionally, among
the fcc and fct FePt crystal structures the fct-FePt appears to bemore
active and durable than the fcc-FePt due to its more stable inter-
metallic Fe and Pt arrangement [23]. It is also worth to mention the
synthesis of fct FePt nanoparticles in the interior space of multiwall
carbon nanotubes using the [Fe(H2O)6][PtCl6] complex as metals
precursor [24].

Here we demonstrate a facile green approach for the decoration
of reduced GO by FePt nanoparticles in both the fcc and fct crystal
structure. The method involves the use only of the appropriate
inorganic salts (FeCl2, H2PtCl6$xH2O), graphene oxide and water. A
simple solid state annealing method is followed, compared with
other liquid phase procedures where toxic and generally dangerous
reagents such as Fe(CO)5, organic solvents (octyl ether, DMF) and
strong reducing agents (NaBH4, hydrazine) are used, this method-
ology is very safe, more economic and poses no significant envi-
ronmental risks. The composite materials reveal strong
ferromagnetic behavior and one of the highest specific surface area
reported in the literature. The main achievement presented herein
is the decoration of an organic layered material (GO) with a layered
bimetallic molecular precursor ([Fe(H2O)6][PtCl6] complex) and the
formation of the fct-FePt nanoparticles directly on the surface of the
exfoliated r-GO via a simple thermal annealing.

2. Experimental

2.1. Materials and methods

The synthesis of FePt/r-GO nanohybrids was based on the
decoration of exfoliated GO by the layered bimetallic [Fe(H2O)6]
PtCl6 complex in water. On a typical procedure, 40 mg of GO were
exfoliated in 100 ml of H2O by high power probe sonication. The
saline [Fe(H2O)6]PtCl6 complex was synthesized according to the
literature [25,26] by reacting equimolecular amounts of FeCl2$4H2O
and H2PtCl6$6H2O and keeping the pH ~ 1 to prevent the Fe2þ to
Fe3þ oxidation. The [Fe(H2O)6][PtCl6] aqueous solution was then
added dropwise and under continued sonication to the aqueous GO
dispersion. The [Fe(H2O)6]PtCl6/GO dispersion was left to precipi-
tate and the solidmaterial was collected by filtration, leaving a clear
and colorless supernatant that indication the quantitative sorption
of the binuclear complex on the GO surface, and dried over-night at
room temperature. The XRD diffraction patterns from the GO, the
binuclear complex and the binuclear complex/GO composite are
presented in Fig. 1S in the supplementary section. The pristine GO
sample shows a sharp peak at 2q ¼ 11.9� corresponded to the (001)
reflection of GO. However, the characteristic peak of the GO cannot
be observed in the XRD pattern of the binuclear complex/GO
composite sample indicating the exfoliation of the GO after the
sorption of the [Fe(H2O)6]PtCl6. On the other hand, there is an
obvious crystal structure transformation of the layered [Fe(H2O)6]
PtCl6 after the interaction with the GO surface. This is probably due
to the interaction between the complex and the functional groups
of the GO like COOH and OH. Nevertheless, the inorganic salt re-
mains in a crystalline form after the deposition on the GO surface
leading to the formation of equiatomic FePt nanoparticles after the

annealing procedure as presented in the results below.
It is well known from literature that the thermal decomposition

of the above bimetallic complex leads to the formation of the fct-
FePt material even after treatment at 400 �C [27,28]. Finally, the
hybrid Fe-Pt binuclear complex/GO material was annealed at
elevated temperature (500e950 �C for 30 min) under reducing
atmosphere, forming gas (5% H2 in Ar), in order to decompose the
inorganic precursor into FePt nanoparticles and simultaneously to
reduce the GO to r-GO.

The experimental approach is schematically illustrated in
Scheme 1. In order to investigate the role of the layered bimetallic
complex a different synthetic pathway was followed using instead
of the binuclear [Fe(H2O)6]PtCl6 complex an equimolecular solution
of FeCl2 and H2PtCl6. After annealing the corresponding material at
500 �C the TEM measurements show clearly that the FePt nano-
particles do not instead decorate uniformly the r-GO surface and
have totally irregular morphology as presented in the Supporting
Information section (Fig. 2S).

2.2. Materials characterization

In order to confirm the crystal structure of the FePt/r-GO
nanocomposites X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy were used. Trans-
mission electron microscopy (TEM, JEOL JEM-3010 at 300 keV
voltage) measurements revealed the morphology and energy
dispersion spectroscopy (EDS) analysis was applied to estimate the
elemental content of the nanoparticles. Magnetic properties were
measured with a vibrating sample magnetometer (3 T Versalab,
Quantum Desing). Finally, nitrogen adsorption-desorption mea-
surements were performed in order to estimate the surface area
and the pore characteristics of the final hybrid product.

X-ray photoelectron spectroscopy (XPS) measurements were
performed under ultrahigh vacuum conditions with a base pressure
of 5 � 10�10 mbar in a SPECS GmbH instrument equipped with a
monochromatic MgKa source (hn ¼ 1253.6 eV) and a Phoibos-100
hemispherical analyzer. Pulverized samples were dispersed in
toluene (1 wt %), and after short sonication and stirring, a minute
quantity of the suspensions was drop cast on evaporated gold films
supported onmica substrates and left to dry in air before transfer to
ultrahigh vacuum. The energy resolution was set to 0.3 eV and the
photoelectron take-off angle was 45� with respect to the surface
normal. Recorded spectra were the average of 3 scans with energy
step set to 0.05 eV and dwell time 1 s. All binding energies were
referenced to the C1s core level at 284.6 eV. Spectral analysis
included a Shirley background subtraction and peak deconvolution
employingmixed Gaussian�Lorentzian functions, in a least squares
curve-fitting program (WinSpec) developed at the Laboratoire
Interdisciplinaire de Spectroscopie Electronique, University of
Namur, Belgium.

Raman spectra were recorded with a micro-Raman (m-Raman)
Renishaw RM1000 system using a laser diode excitation line at
532 nm in the frequency range of 200e3500 cm�1. Raman scatter
was collected by means of an Olympus optical microscope, equip-
ped with 50 � and 100 � lenses. Using the 50 � lens, the probing
spot was about 2 mm in diameter, while laser was operated at
20 mW unless photodecomposition occurred and power was
decreased. The spectrometer was calibrated by recording the
spectrum from a Si sample with characteristic Raman peak at
520.7 cm�1. Raman spectrawere obtained from samples in the form
of drop casted films onto glass substrates. The reported spectra are
an average of 3e5 scans.

The specific surface area (SBET), the pore volume (VP) and the
pore size distribution of the sample were determined from the
adsorption and desorption isotherms of nitrogen at�196 �C using a
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Micromeritics Tristar 3000 instrument. The specific surface area
(SBET) of the sample was calculated following the BET (Bru-
nauereEmmetteTeller) procedure with six relative pressures of
nitrogen in the range of 0.05e0.3. The BarreteJoynereHalenda
(BJH) method was used to determine pore size distribution,
considering the desorption curves. Prior to the measurements, the
samples were outgassed at 150 �C for 1.5 h under nitrogen flow.

3. Results and discussion

3.1. X-ray diffraction studies

The XRD patterns of FePt/r-GO nanohybrids annealed at
500e950 �C under 5% H2 reducing atmosphere are presented in
Fig. 1. After annealing at 500 �C three main diffraction peaks are
observed, one intense peak around 2q ¼ 24� which corresponds to
the (002) diffraction plane of r-GO, while the other two peaks at 40�

and 46.5� can be attributed to the (111) and (200) planes of the
chemically disordered fcc FePt phase. The gradual development in
the ordered fct (L10 type) phase of the FePt nanoparticles can be
observed in the diffractograms with increasing annealing temper-
ature. Specifically, the observed splitting of the (200) and (220)
peaks is a characteristic mark of this transformation. In addition,
the appearance of the (001) and (110) superlattice peaks in the low
2q range is indicative of the high percentage of a chemically long-
range ordered fct state. The evolution of the ordered fct FePt
phase progresses with increasing annealing temperature. After
annealing at 950 �C, the appearance of the (201) superlattice peak is
obvious suggesting a higher degree of the fcc to fct transformation.
Concerning the r-GO substrate, the intensity of the (002) diffraction
peak decreases with increasing temperature; this can be possibly
attributed to increasing particle size (as observed with TEM e see
below), and the fact that the attached nanoparticles on the surface

of the r-GO sheets prevent restacking [29].

3.2. Microscopy studies-morphological characterization

TEM and HR-EM images from the FePt/r-GO nanohybrids that
were annealed between 500 and 950 �C are presented in Fig. 2,
along with the size distribution analysis. In all cases it is clear that
the bimetallic FePt nanoparticles decorate the surface of the r-GO
sheets. The shape of the particles is almost spherical, while the size
increases with increase of the annealing temperature. It should be

Scheme 1. Schematic illustration of the experimental procedure for the synthesis of FePt/r-GO nanocomposites through the interaction of a layered bimetallic inorganic complex
and exfoliated GO.

Fig. 1. X-ray diffraction patterns from FePt/r-GO nanocomposites after reductive
annealing under 5% H2 in Ar atmosphere at elevated temperatures (500 and 950 �C).
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mentioned that even after annealing at 950 �C the inorganic ma-
terial exhibits limited agglomeration and most importantly the
particles remain isolated. A possible explanation for this “particle
immobilization” on the surface of r-GO, is that the particles anchor
themselves on the r-GO; thus, only neighboring particles are
allowed to collapse and the uncontrollable aggregation that usually
takes place in the FePt particles, at temperatures significantly lower
than 950 �C, is not observed. The mean diameter of the FePt
nanoparticles was measured to be 4.6 nm after annealing at 500 �C,
8.1 and 8.6 nm after annealing at 600 and 750 �C respectively; at
950 �C the size increased up to 29.8 nm.

TEM and EDS analysis of FePt/r-GO nanocomposites after
annealing at 750 �C for 30 min is presented in Fig. 3. It is clear that
even after the high temperature annealing the FePt particles
remain completely isolated and uniformly distributed on the sur-
face of the r-GO. The elemental atomic composition of the FePt
particles is Fe56Pt44 according to EDS analysis which is in the range
of the fct structure formation and very close to equiatomic ratio
taking into account that the starting bimetallic [Fe(H2O)6]PtCl6
complex is equimolecular.

3.3. XPS and Raman spectroscopies studies

Furthermore, the materials were characterized by XPS and
Raman spectroscopies. C1s core level XPS spectrum and Raman
spectrum of FePt/r-GO annealed at 750 �C are shown in Fig. 4.

Following deconvolution with mixed Gaussian�Lorentzian func-
tions, the C1s spectrum consists of five components. The first
component, recorded at a binding energy of 284.6 eV, corresponds
to CeC and CeH bonds and contributes a 20.0% to the total C1s in-
tensity. The main peak at 285.6 eV, representing 42.2% of the total
C1s intensity, is attributed to hydroxyl CeO bonds, while the third
peak at 286.5 eV (23.8%) is assigned to CeOeC epoxide/ether
groups. The peak at 287.4 eV (11.7%) originates from the carbonyl
functional groups (C]O), whereas the higher binding energy
contribution located at 288.7 eV (2.3%) is associated with carboxyl
groups (OeC]O) [30,31]. Shape and deconvolution of the C1s XPS
spectrum strongly suggest that graphene oxide undergoes partial
reduction upon annealing at 750 �C. This behavior is commonly
found with thermal annealing in a reducing Ar/H2 atmosphere [32].
Although oxygenated groups andmainly CeO still dominate the C1s
spectrum, reduction is exposed by two facts: A noteworthy contri-
bution from the CeC bonds arises at lower binding energy; in
addition the shape of the spectrum exhibits visible differences
compared to relevant C1s XPS spectra of pristine GO, where the CeC
bond usually has minor contribution while more oxidized species
dominated, such as carboxyl and carbonyl groups [30,33,34].

Raman spectrumof FePt/r-GO annealed at 750 �C exhibits bothG-
and D-bands at 1583 and 1349 cm�1 respectively. The G-band at
1583 cm�1 which is associated with sp2 hybridized carbon atoms is
asymmetric and shifted compared to the G-band of GO, near the
relevant peak of graphite which is positioned at ~1580 cm�1 [35,36].

Fig. 2. TEM, HR-TEM and size distribution analysis of the FePt/r-GO nanohybrids after annealing under 5% H2 in Ar atmosphere at 500 �C (a), 600 �C (b), 750 �C (c) and 950 �C (d) for
30 min. (A colour version of this figure can be viewed online.)
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As observed clearly in the inset of Fig. 4b, the G-band consists of two
different peaks, the one derived by pristine GO at ~ 1600 cm�1 and a
minor sharper one arising from reduced GO at ~ 1580 cm�1. In
addition, while GO does not have significant peaks in the 2D region
[37,38], a broad peak arises at 2690 cm�1 in the Raman spectrum of
the 750 �C annealed sample. This is ascribed to the 2D vibrational
mode (overtone of the D peak) and has roughly half the intensity of
the G-band [35,36]. According to literature, the red shift of G-band,

the enhanced intensity of the 2D peak as well as its shift below
2700 cm�1 are clear evidence of the r-GO presence with a few layers
formation [30,35,39]. The exact number of stacked graphene layers
cannot be estimated in this case; although thanks to the broadening
of the 2D peak it is rational to expect a wide distribution concerning
the number of the stacked layers.

Raman spectra of FePt/r-GO annealed at all four temperatures
are presented in Fig. 5. As seen there, the D-band is recorded at

Fig. 3. TEM (a, b) HR-TEM (c) and EDAX analysis (d) of the FePt/r-GO nanocomposite annealed under 5% H2 in Ar atmosphere at 750 �C for 30 min.

Fig. 4. (a) C1s core level X-ray photoemission spectrum of FePt/r-GO annealed at 750 �C and (b) Raman spectrum of FePt/r-GO annealed at 750 �C. Inset of (b): zoom in on the region
of the G-band. (A colour version of this figure can be viewed online.)
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1349 cm�1 in all cases, whereas the G-band appears at 1593 cm�1

except for the 750 �C sample as discussed previously. Moreover,
samples that were annealed at 500 �C and 600 �C do not exhibit any
important peak in the 2D region in contrary with the 750 �C
annealed sample. These two observations, the position of the G-
band and the lack of anymajor 2D peaks, suggest that the annealing
process at the low temperature range 500e600 �C under the H2/Ar
reducing atmosphere did not lead to relevant reduction of GO as for
the samples that were annealed at temperatures higher than
750 �C. This conclusion comes in full agreement with the XPS
spectra (not shown here). Furthermore, the ratio of the D- to G-
band intensities (ID/IG) is increasing with higher annealing tem-
peratures. ID/IG is equal to 0.88 for the first two samples where the
temperature variation is small, but reaches 0.99 for the FePt/r-GO
annealed at 750 �C and 1.06 for the FePt/r-GO annealed at 950 �C.
This is expected and well documented in the literature since
together with the restoration of the sp2 graphene lattice, defects
and vacancies are also formed, while at the same time the full width
at half maximum of the D-band decreases [32,34].

3.4. Surface area properties

For the FePt/r-GO sample annealed at 750 �C, the nitrogen
adsorption/desorption isotherm is found to be of type II with a type
B hysteresis loop, which is closed at P/P0 values in the range of
0.40e0.50 (Fig. 6a). The pore size distribution, as estimated using
the BJH method, indicates a mesoporous nature of the material
with pores of various sizes starting from ~10 nm and extendingwell
into the macropore region (Fig. 6b). A small distribution of micro-
pores with a mean size of 2.5 nm is also present. The surface area
(SBET) of the FePt/r-GO nanohybrids is 1055 m2/g and the pore
volume is 6.43 cm3/g. This specific surface area value is one of the
highest among the values presented in the literature and varied
from 400 to 700 m2/g for GO that reduced by H2 [40e42].

3.5. Magnetic properties studies

The magnetic properties of the corresponding materials were
measured using a vibrating sample magnetometer (VSM) at room
temperature. The room temperature magnetic hysteresis loops
from the FePt/r-GO nanohybrids after annealing in the temperature

range of 500e900 �C under 4% H2-Ar gas mixture for 30 min are
presented in Fig. 7. All materials reveal ferromagnetic behavior that
also confirms the fcc to fct FePt transformation. After annealing at
500 �C the coercivity was quite low (0.4 kOe), while progressively
increased at 4, 8.1 and 9.9 kOe after annealing at 600, 750 and
950 �C, respectively suggesting the evolution of the ordered fct FePt
structure. Taking into account the coercivity evolution the fct
ordering actually starts at 600 �C, temperature that is much higher
than the published one for the fcc to fct transformation temperature
of the layered [Fe(H2O)6][PtCl6] complex which is 400e450 �C
[27,28]. This almost 150 �C delay on the transformation tempera-
ture is probably due to the structural changes of the layered com-
plex after the deposition on the GO surface. The saturation
magnetization varied from 7.5 to 11.5 emu/g. The low saturation
magnetization value arises from the low FePt loading in the final
composites.

4. Conclusions

In summary, we demonstrate here a facile green chemical
approach for the synthesis of fct FePt/r-GO nanohybrid materials
combining a single binuclear layered molecular precursor and
exfoliated GO. The synthetic method was based on the decoration
of exfoliated GO with the layered bimetallic [Fe(H2O)6]PtCl6 com-
plex in an aqueous medium, followed by a solid state annealing
procedure at elevated temperatures. The use of the bimetallic

Fig. 5. Raman spectra of FePt/r-GO nanohybrids annealed at 500 �C, 600 �C, 750 �C and
950 �C under 5% H2 in Ar atmosphere. (A colour version of this figure can be viewed
online.)

Fig. 6. Nitrogen adsorption/desorption isotherms (a) and pore size distribution (b)
from the FePt/r-GO nanocomposite annealed at 750 �C. Adsorption (solid symbols)/
Desorption (open symbols).
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complex is very crucial for the uniform decoration of r-GO with
isolated FePt nanoparticles. The annealing step results in the
reductive decomposition of the inorganic iron/platinum complex
and leads to the formation of bimetallic FePt nanoparticles in the
ordered fct phase, and simultaneous reduction of GO. The com-
positematerials exhibit one of the highest reported in the literature
BET specific area value, (up to 1055 m2/g). Furthermore, the
immobilization of FePt nanoparticles on the surface of r-GO seems
to protect them from uncontrollable sintering. The particles remain
completely isolated even after annealing at 950 �C. It is also worth
to mention, that the current methodology, because of the complete
absence of any organic molecule as surfactant and/or solvent in the
overall procedure, and the use of simple inorganic salts as metal
precursors, lead to the formation of clean surface inorganic parti-
cles without any traces of carbon that actually blocks the catalytic
active centres inmany cases. It is well know that FePt in the ordered
fct crystal structure is a very active electrocatalyst for oxygen
reduction (ORR) [43e45], and methanol oxidation reactions [46].
Work is in progress concerning the catalytic behavior of the cor-
respondedmaterials and the extension of themethodology in other
similar materials like the CoPt/r-GO and (Fe,Co)Pd/r-GO. From the
magnetic properties point of view the fcc to fct FePt transformation
take place from 600 �Cwith very short annealing time (30min) and
the isolated FePt nanoparticles morphology give us the ability to
study the FePt ordering procedure and the size effects on the
magnetocrystalline anisotropy.
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