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Abstract

A simple, cost-effective, efficient, and green approach to synthesize iron oxide/graphene (Fe;0,4/rGO) nanocomposite using in situ
deposition of Fe;O4 nanoparticles on reduced graphene oxide (rGO) sheets is reported. In the redox reaction, the oxidation state of
iron(I1) is increased to iron(IIT) while the graphene oxide (GO) is reduced to rGO. The GO peak is not observed in the X-ray diffraction
(XRD) pattern of the nanocomposite, thus providing evidence for the reduction of the GO. The XRD spectra do have peaks that can be
attributed to cubic Fe;O4 The field emission scanning electron microscopy (FESEM) images show Fe;O4 nanoparticles uniformly
decorating rGO sheets. At a low concentration of Fe>™, there is a significant increase in the intensity of the FESEM images of the
resulting rGO sheets. Elemental mapping using energy dispersive X-ray (EDX) analysis shows that these areas have a significant Fe
concentration, but no morphological structure could be identified in the image. When the concentration of Fe>" is increased, the Fe;04
nanoparticles are formed on the rGO sheets. Separation of the Fe;0,4/rGO nanocomposite from the solution could be achieved by
applying an external magnetic field, thus demonstrating the magnetic properties of the nanocomposite. The Fe;O4 particle size, magnetic
properties, and dispersibility of the nanocomposite could be altered by adjusting the weight ratio of GO to Fe?* in the starting material.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Graphene is a one-atom-thick two-dimensional (2D)
single layer of sp’-bonded carbon atoms arranged in a
honeycomb lattice. It has a large active surface area, as
well as unique electrical, thermal, and structural proper-
ties, and consequently it has many potential applications
[1-4] (e.g., energy storage devices [5-8], drug delivery
systems [9], waste water treatment [10-13], and sensing
platforms [14-17]). A drawback of graphene is its poor
dispersibility in solvents [18-20]. On the other hand
graphene oxide (GO), with its abundance of oxygen-
containing functional groups such as hydroxyl, epoxy
and carboxyl groups, can be dispersed in either water or
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polar organic solvents and is a suitable substituent for
graphene.

Low-cost magnetic iron oxides (magnetite Fe;O4 or
maghemite gamma-Fe,03) nanoparticles exhibit super-
paramagnetic nature, have low toxicity, and hence are
biocompatible. However, heavy aggregation of the nano-
particles may limit their magnetic properties and structural
stability, thus reducing their applicability. By creating a
Fe;Oy4/graphene nanocomposite, the clumping of the
Fe;O4 nanoparticles is reduced, preserving their unique
properties.

Various methods of deposition of Fe;O4 nanoparticles
on reduced graphene oxide (rGO) have been investigated
(in situ formation [21], solvothermal method [22,23],
hydrothermal method [24], covalent bonding method
[25], and electrochemical method [26]). Depending on the
fabrication method, the average size of Fe;O4 nanoparti-
cles produced was in the range of 2 nm to 100 nm.
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In this work, a simple, one-step, green, and efficient
approach to the in situ chemical synthesis of iron oxide/
graphene (Fe;04/rGO) nanocomposite is reported. Since
the synthesis is accomplished using a one-step reaction, the
possibility of contamination of the Fe;O4/rGO composite
produced is reduced. The one-step approach can also
prevent the aggregation of reduced graphene sheets [27].
The synthesis method reported requires no toxic solvents
and hence it is green and can be easily controlled by varying
the process parameters. Moreover, the formation of Fe;Oy,/
rGO nanocomposite occurs at room temperature, in con-
trast to other reported methods such as hydrothermal and
chemical co-precipitation techniques which require high
temperature. Thus the energy consumption is reduced
compared to the alternatives, making the reported process
cost-effective and green. The size of the particles in the
nanocomposites could be modified by varying the weight
ratio of graphene oxide (GO) and iron(II) ions (Fe® ") in the
starting material, allowing the modification of the proper-
ties of the nanocomposites to be optimized for various
industrial and biotechnological applications.

2. Experimental
2.1. Materials

Graphite flakes were purchased from Ashbury Inc. Sulfu-
ric acid (H,SOy4, 98%), potassium permanganate (KMnQy,
99.9%), hydrogen peroxide (H,O,, 30%), iron(II) sulphate
(FeS0,4.7H»0, 99.5%), and ammonium hydroxide (NH4,OH,
25%) were purchased from Systerm.

2.2. Preparation of graphene oxide

Graphite oxide was synthesized by oxidation of 3 g of
graphite flakes with 400 ml of H,SO,4 and 18 g of KMnOy4
(simplified Hummers’ method [28]). The physical mixing of
these chemicals, using a magnetic stirrer, took less than
5 min to complete. However, to ensure complete oxidation
of the graphite, the mixture was stirred for 3 days. During
the oxidation, the colour of the mixture changed from dark
purplish green to dark brown. To stop the oxidation
process, H>O, solution was added and the colour of the
mixture changed to bright yellow, indicating a high degree
of oxidation of graphite. The graphite oxide formed was
washed three times with 1 M of HCI aqueous solution and
repeatedly with deionized water until a pH of 4-5 was
achieved. The washing process was carried out by a simple
decantation of the supernatant using a centrifugation
technique. During the washing process with deionized
water, the graphite oxide experienced exfoliation, which
resulted in thickening of the GO solution, forming a GO gel
which was subsequently freeze-dried to obtain the GO solid.

2.3. Preparation of Fe;04/ rGO

The synthesis route of the Fe;0,4/rGO nanocomposite is
similar to a method previously reported [29]. The GO was

Table 1
Weight ratios between GO and FeSO, for the preparation of Fe;04/rGO
using in situ chemical synthesis method.

Sample GO (mg) FeSO, (mg) Ratio (GO: FeSOy)
GIF2 25 50 1:2

GIF5 25 125 1:5

GIF10 25 250 1:10

G1F20 25 500 1:20

Gl 25 - -

F20 - 500 -

dispersed in deionized water (DI) by stirring and under-
went sonication for 20 min, which is essential to obtain a
well dispersed solution. Then, 25% NH4OH solution was
added dropwise to the GO solution until the pH reached
11 or 12. The FeSOy solution was later added slowly to the
GO solution under magnetic stirring and left overnight at
room temperature. The next day, the black solution was
centrifuged and washed three times with DI water for
10 min at 4000 rpm to remove the extra ammonium and
then dried in vacuum. In the absence of GO, the Fe;O4
nanoparticles were obtained via the same process. Simi-
larly, rGO was prepared using the same process without
the presence of FeSO,4. The weight ratios between the GO
and FeSO, are shown in Table 1. For all samples
manufactured, the weight of GO in the starting material
was held constant at 25 mg.

2.4. Characterization

The crystalline phase was determined using a PANalytical
Empyrean XRD employing a scanning rate of 0.033 °s~'in a
20 range from 5° to 70° with Cu-K,, radiation (1=1.5418 A).
Electron micrographs were obtained using an FEI Nova
NanoSEM 400 FESEM.

3. Results and discussion

Due to the lack of surface functional moieties of the rGO,
the sheets tend to aggregate and do not disperse in most
solvents. However, the as-synthesized nanocomposites could
be dispersed by sonication in polar solvents [27] such as water
and ethanol, preventing the aggregation of rGO sheets and
thus demonstrating the enhanced dispersibility in the polar
solvents.

The magnetic properties of the nanocomposites were
investigated by placing a permanent magnet next to the
sample bottle. As expected, the F20 sample, containing
only iron oxide particles without any solvent, moved under
the external magnetic field to the side of the sample bottle
(Fig. 1a). In the case of sample G1F2, the nanocomposite
was well dispersed in an aqueous solution and remained
unaffected by the external magnetic field (Fig. 1b). In
contrast, the nanocomposite of G1F20 was attracted to the
side of the sample bottle, leaving behind the transparent
solvent. This occurred for both water (Fig. 1¢) and ethanol
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Fig. 1. Magnetic property and dispersibility of the samples: (a) powder F20, (b) dispersed G1F2 unaffected by the magnetic attraction, (c) G1F20 in

water, (d) G1F20 in ethanol, (¢) powder G1F2, and (f) powder G1F20.

(Fig. 1d). G1F5 and G2F10 also experienced the same
magnetic attraction as G1F20 (images not shown). This
result demonstrates the influence of the weight ratios of
GO and Fe’* on the magnetic behaviour of the nanocom-
posites. When the Fe> " /GO weight ratio was increased, the
separation of the nanocomposite from the solution occurred
more quickly, suggesting an increase in the magnetic proper-
ties of the nanocomposites.

As expected, in the dry state, the G1F2 nanocomposite
(Fig. le) failed to be attracted by the external magnetic
field in comparison to the sample with a higher concentra-
tion of Fe*™ precursor (G1F20, Fig. 1f). The rate of
attraction of the nanocomposites in the dry state also
increased with the Fe?™ concentration in the starting
material.

The structural information for G1, F20, and the nano-
composites is shown in Fig. 2. The sharp peak in the G1
XRD spectrum at 20=10.8° corresponds to the (00 1)
reflection of GO (Fig. 2a), indicating that GO was not
completely reduced to rGO. However, for samples contain-
ing Fe’™ ions, apart from GI1F2, this XRD line was
absent, suggesting that the Fe>™ acts as a reducing agent
for GO in the fabrication of the nanocomposites.
In Fig. 2b, the series of diffraction peaks at 260=30.2°,
35.6°, 43.3°, 53.7°, 57.3°, and 62.8° is assigned to reflec-
tions from the (220), 311), (400), (422), (511), and
(4 4 0) crystal planes of Fe;04 (JCPDS no. 19-0629). These
reflections and the absence of other impurity peaks suggest
that the Fe;O4 nanoparticles are of good crystallinity. The
XRD pattern of G1F2 has a sharp peak at 20 =10.8°which
corresponds to the (0 0 1) reflection characteristics of GO,
while the diffraction peaks corresponding to Fe;O4 were
not detected (Fig. 2c). The low content of Fe’* ions in the
starting material resulted in the incomplete reduction of
GO. The low diffraction peak between 20° and 25°
indicates a small degree of restacking of graphitic sheets
[30]. We suggest that Fe;O4 formed on the surface of the
partially reduced GO sheets, based on the ability of the
nanocomposite to disperse homogeneously in an aqueous
solution (Fig. 1b), in contrast to the rGO, which aggre-
gates in most solvents, and the faint signature in the XRD
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Fig. 2. XRD patterns of (a) G1, (b) F20, (c) GI1F2, (d) G1FS5, (e) GIF10,
and (f) G1F20.

spectra at 35.6° which corresponds to reflections from the
(3 11) planes of Fe;0,. When the concentration of Fe?™
was increased, five typical reflection peaks of Fe;04 (30.2°,
35.6°, 43.3°, 57.3°, and 62.8°) were observed for GI1FS5,
G1F10, and G1F20 (Figs. 2d—f). Furthermore, there is an
inverse correlation between the width of the diffraction
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peaks and the concentration of Fe?™, indicating the
smaller crystallite size of Fe;O4 in the nanocomposites
synthesized using low Fe*™ concentrations. This result
coincides with the observation from FESEM (Fig. 3). The
graphitic peak for G1F5, G1F10, and G1F20 is missing
because the attached nanoparticles hinder the formation of
van der Waals and n—= stacking interactions between the
rGO sheets [31].

Fig. 3 portrays the FESEM images of G1, F20, and the
nanocomposites. G1 has a smooth surface with a distinc-
tive layered appearance (Fig. 3a). F20, consisting of Fe;O4
nanoparticles, tends to agglomerate and has a wide
distribution of particle sizes in the range of 50 nm to
250 nm (Fig. 3b). On the other hand, Fe;O,4 nanoparticles
are uniformly embedded on the surface of rGO sheets with
a narrow size distribution for all the nanocomposites. The
particle size of Fe3Oy4 nanoparticles steadily increased with
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increasing concentration of the FeSOy salt solution. The
average particle sizes of G1F5 (Fig. 3d), GIF10 (Fig. 3e),
and G1F20 (Fig. 3f) are 20 nm, 30 nm and 40 nm, respec-
tively. There is no clear evidence for the formation of Fe;O4
nanoparticles in the FESEM image of G1F2 but there is
contrast variation across the FESEM image. To investigate
this further, elemental mapping of C, O, and Fe using energy
dispersive X-ray (EDX) analysis (Fig. 3g) was undertaken
(Fig. 3h). The area of bright contrast correlates with the Fe
signal map. This result, coupled with the XRD result,
provides evidence for the presence of Fe;O,4 on the surface
of the rGO. The exact form of the Fe;O; cannot be
determined. It is possible that a layer of Fe;O4 has formed
on the surface of the rGO or more likely that very small
nanoparticles have formed.

The synthesis of the Fe;04/rGO nanocomposite involves
the redox reaction between GO and Fe® ™. The schematic
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Fig. 3. FESEM images of (a) G1, (b) F20, (c) G1F2, (d) G1F35, (e) GIF10, and (f) G1F20; (g) EDX spectrum of G1F2; and (h) elemental mapping of

G1F2 based on the image shown in (c).
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Fig. 4. Schematic illustration of the formation of Fe;0,4/rGO nanocomposite via a one-step in situ chemical deposition method.

hybridization between GO and Fe? " to form the Fe;04/
rGO nanocomposite is shown in Fig. 4, and is similar to
our previously reported work [32]. The Fe* ™ ions are first
coordinated onto the surface of the GO sheets (Fig. 4a).
The GO acts as an oxidizing agent (Eq. (1)), effectively
increasing the oxidation state of the Fe ions from Fe’™ to
Fe’*. This is followed by the reaction of the Fe* ™ ions, in
an alkaline condition, into Fe;O4 nanoparticles (Eq. (2))
on the surface of the rGO. The formation of Fe;04 could
also occur using the OH™ groups attached to the GO
surface (Eq. (3)). During the redox reaction, the polar
oxygenated functional groups on the GO sheets serve as
the anchoring sites for the Fe;O4 nanoparticles, conse-
quently preventing serious agglomeration of the magnetic
nanoparticles (Fig. 4b).

2Fe’T + GO —2Fe*t +1GO (1)
Fe’* +2Fe’t +80H™ — Fe304+4H,0 )
3Fe? + GO(8OH ™) - Fe304 +4H,0+1rGO (3)

4. Conclusion

Fe;04 nanoparticles decorated on rGO sheets were
successfully synthesized using a simple, easy, and low-cost
in situ chemical synthesis approach in an alkaline condi-
tion. Increasing the weight ratio of Fe?™ to GO increases

the Fe;04 particle size on the GO sheets and the magnetic
strength of the nanocomposites. The Fe;04/rGO nano-
composites were dispersible in polar solvents for all the
prepared weight ratios and were magnetic, and thus they
are a promising material for multifunctional applications.
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