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A graphene oxide–Fe3O4 (GO–Fe3O4) hybrid material was prepared by a simple chemical pre-
cipitation method. The formation of this hybrid material was verified by Fourier transform infrared
spectroscopy, high resolution transmission electron microscopy and X-ray powder diffraction. The
optical limiting performance of this hybrid material was studied using the Z-scan measurement,
which shows a much enhanced optical limiting performance compared with GO and is compara-
ble with the benchmark material-C60. The mechanism responsible for this enhancement may be
attributed to the enhanced nonlinear scattering effect introduced by the Fe3O4 nanoparticles.
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1. INTRODUCTION

Graphene, a single carbon layer of the graphite struc-
ture, has received considerable attention for its excellent
thermal,1 mechanical,2 and electrical3 properties. Due to
its semi-metallic nature and two-dimensional structure,
graphene has found applications in many fields, such as
field-effect transistors,4 transparent anode,5 sensor,6 etc.
Recently, graphene has emerged as a new class of material
with potential optical applications, and its optical limit-
ing (OL) properties have been investigated.6�7 Liu et al.7

used the water soluble oxidated graphene—graphene oxide
(GO) as the OL material, and the results shows that two-
photon absorption dominates nonlinear absorption process
of GO in the case of picosecond pulses, while excited
state nonlinearities play an important role in the case
of nanosecond pulses. Xu et al.8 prepared a graphene-
porphyrin hybrid material, which shows much better OL
property than the benchmark optical limiting material C60

due to the photoinduced electron and/or energy transfer
between the two species. This indicates that GO is an
ideal materail in OL devices. At the same time, metal
nanoparticles9�10 have been known to possess large OL
properties and untrafast response times. For example,

∗Author to whom correspondence should be addressed.

Singh et al.9 investigated the OL property of iron oxide and
found that nonlinear scattering was the dominant mech-
anism. Chin and coworkers10 reported siliver coated car-
bon nanotubes and found that the siliver particles could
contribute to the OL property of carbon nanotubes due
to the enhancement of nonlinear scattering effect. In this
paper, we prepared a Fe3O4 modified GO hybrid material
by a simple chemical precipitation method and invistigated
its OL property. As expected, GO–Fe3O4 hybrid exhibits
a much enhanced optical limiting performance compared
with GO due to the enhanced nonlinear scattering.

2. EXPERIMENTAL DETAILS

2.1. Instruments and Measurements

Fourier transform infrared spectroscopy (FTIR) spectra
were obtained on a BRUKER Tensor 27 spectrometer.
The samples were homogeneous dispersed in KBr pellets.
Transmission electron microscopy (TEM) images were
obtained on a FEI TECNAI-20 instrument operated at
200 kV. X-ray powder diffraction was conducted on a
D/Max-2500 instrument.
The open-aperture Z-scan experiments were preformed

with linearly polarized 5 ns pulses at 532 nm generated
from a frequency doubled Q-switched Nd:YAG laser. The
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spatial profiles of the pulses are of nearly Gaussian form
after the spatial filter. The pulses are split into two parts:
the reflected pulse was used as reference, and we focused
the transmitted pulse onto the sample by using a 25-cm
focal length lens. The input pulse energy was 80 �J. The
sample was placed at the focus where the spot radius of
the pulses was about 30 �m. The reflected and transmit-
ted pulse energies were measured simultaneously with two
energy detectors (Molectron J3S-10). C60 was employed
as a standard. To compare optical limiting effect, all of the
sample concentrations were adjusted to have same linear
transmittance of 75% at 532 nm in 5-mm-thick cells.

2.2. Materials

Graphite was purchased from Qingdao Tianhe Graphite Co.
Ltd., with an average particle diameter of 4 �m (99.95%
purity). Ferric chloride hexahydrate (FeCl3 · 6H2O), fer-
rous chloride tetrahydrate (FeCl2 · 4H2O), sodium hydrox-
ide were purchased from Tianjin No. 3 Chemical Plant.
A dialysis chamber was purchased from Beijing Dingguo
Biotechnology Co. (diameter = 36 mm), which had a
molecular weight cutoff of 8000–15000 gmol−1.

2.3. Synthesis of Graphene Oxide (GO)

GO was prepared according to a modified hummers
method.11 The GO was confirmed to exist as individual
sheets in solution.12 The sizes of the GO sheet are mainly
distributed between 200 and 500 nm determined by a sta-
tistical analysis using atomic force microscopy. In detail,
graphite powder (5 g), NaNO3 (3.75 g) and KMnO4 (15 g)
was vigorously stirred at room temperature for 5 days in
concentrated H2SO4 (375 ml). After that 5% H2SO4 (1 L)
aqueous solution was added to the reaction with the tem-
perature kept at 98 �C for 2 h. Then the reaction was
cooled to 60 �C. After 30% H2O2 (30 ml) was added and
the reaction was further stirred for another 2 h, the mix-
ture was centrifuged to collect the bottom product and
sequently washed with 5% H2SO4/0.5% H2O2 (10 times),
5% HCl solution (5 times), and then washed repeatedly
with water until the pH of the supernatant was neutral.
Finally the material was dried to obtain a loose brown
powder.

2.4. Synthesis of GO–Fe3O4 Hybrid via
Chemical Deposition

GO–Fe3O4 hybrid was prepared according to our previ-
ous method.13 In short, GO (40 mg) was first sonicated
in dilute NaOH aqueous solution (100 mL, pH = 12) for
several hours to transform the carboxylic acid groups to
carboxylate anions, followed by thorough dialysis until the
dialysate became neutral. The resulting product was con-
densed to 20 mL and placed in a 50 mL round-bottom
flask. The flask was then purged with N2 for 30 min.

A solution of FeCl3 · 6H2O (48.0 mg) and FeCl2 · 4H2O
(763.4 mg) in water (5 mL) was purged with N2 for 30 min
and then added to the above flask. The obtained mixture
was stirred overnight under N2 for ion exchange. After
a thorough washing with water consisting of several cen-
trifugation cycles under a N2 atmosphere to remove excess
iron salts, the solid product was redispersed in 25 mL
water in a two-necked round bottom flask under a N2

atmosphere. A NaOH aqueous solution (4 mL, 3 M) was
added dropwise under N2. The mixture was kept stirring
at 65 �C for a further 2 h. Then the mixture was washed
thoroughly with water to neutral and dried under vacuum
at room temperature.

3. RESULTS AND DISCUSSION

The GO–Fe3O4 hybrid was prepared by chemical depo-
sition of iron ions using water soluble GO as carriers
(Scheme 1).13 From the FTIR spectra of GO and GO–
Fe3O4 hybrid, the notable FTIR feature of GO correspond-
ing to the carboxyl stretching at 1730 cm−1 is shifted to
1600 cm−1 in the spectra of GO–Fe3O4 hybrid material.
This could be attributed to the coordination interaction
between the –COOH and Fe3O4. The characteristic peak
corresponding to the stretching vibration of Fe–O bond is
also shifted to higher wavenumbers of 702 cm−1 compared
with that of 570 cm−1 reported for the stretching mode
of Fe–O in bulk Fe3O4,

14 suggesting that Fe3O4 is bound
onto the GO surface.
The morphology of both the GO and GO–Fe3O4 hybrid

was characterized with TEM. The as prepared GO sheet is
shown in Figure 1(A), which shows a clear edge contour.
There is also some creased and twisted structure on the GO
sheet. Compared with GO, it can be seen that some Fe3O4

nanoparticles mainly exist on the edge of the GO sheet in
GO–Fe3O4 hybrid (Fig. 1(B)). The size of these nanopar-
ticles is 2–4 nm with a narrow size distribution, and some
Fe3O4 aggregation is also observed. In this paper, Fe3O4

nanoparticles are chemically deposited on GO with the aid
of the –COOH on GO. The –COOH groups are mainly
distributed on the edge of GO,15 so we can see a preferen-
tial distribution of the nanoparticles on the edge of the GO
sheet. Obviously, a large amount of Fe3O4 nanoparticles
are immobilized onto the GO sheets.
Figure 2 shows the XRD patterns of GO and GO–

Fe3O4 hybrid. The interlayer distance in the GO is about
0.8 nm, which is significantly larger than that of graphite,
due to the intercalating oxide functional groups, such as
epoxide and hydroxyl groups.16 While in the GO–Fe3O4

hybrid, this peak is shifted to 21.5�, indicating an inter-
layer distance of 0.4 nm. This can be explained by the
partial removal the epoxide and the hydroxyl groups on
GO, which were deoxygenated during Fe3O4 nanoparti-
cles deposition by treating with aqueous NaOH solution.17

Another two new peaks are also observed in GO–Fe3O4
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Scheme 1. Synthesis procedure of the GO–Fe3O4 hybrid material.

hybrid: 30.3� and 34.4�. These two peaks are the character-
istic peaks of Fe3O4,

18 indicating that Fe3O4 nanoparticles
are loaded onto the GO sheets.
Figure 3 shows open-aperture Z-scan19 results of GO,

GO–Fe3O4 and C60. The optical limiting properties of

(A)

(B)

Fig. 1. TEM images of GO (A) and GO–Fe3O4 hybrid (B). The images
were acquired from samples deposited onto a holey carbon support
film.

the solutions of these materials were investigated using
532 nm pulsed laser irradiation, and C60 was employed as
a standard. To compare the optical limiting effect, all of
the sample concentrations were adjusted to have same lin-
ear transmittance of 75% at 532 nm in 1-mm-thick cells.
The open aperture Z-scan measures the transmittance of
sample as it translates through the focal plane of a tightly
focused beam. As the sample is brought closer to focus,
the beam intensity increases and nonlinear effect increases,
which will lead to a decreasing transmittance for reverse
saturable absorption (RSA), two-photon absorption (TPA)
and nonlinear scattering. As shown in Figure 3, the GO–
Fe3O4 shows the same dip with C60, which is much larger
than GO. This indicates that GO–Fe3O4 hybrid shows a
much enhanced OL performance compared with GO and
is comparable with the benchmark material-C60. Actually,
during the measuring process, both of GO and GO–Fe3O4

Fig. 2. XRD patterns of GO (dotted line) and GO–Fe3O4 hybrid (solid
line). The two peaks (�) are the characteristic peaks of Fe3O4, indicating
that Fe3O4 nanoparticles are loaded onto the GO sheets.
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Fig. 3. Open aperture Z-scan results of GO(�), GO–Fe3O4(�) and
C60(�) with same linear transmittance of 75% to 5 ns, 532 nm optical
pulses.

hybrid showed obvious nonlinear scattering signal, sug-
gesting that nonlinear scattering plays an important role
in these two samples. However, the nonlinear scattering
signal of the GO–Fe3O4 is much higher than GO. As can
be seen from the TEM image of GO–Fe3O4, the size of
Fe3O4 nanoparticles is 2–4 nm. These nanoparticles are
responsible for the enhancement of OL property due to the
enhanced nonlinear scattering effect.

4. CONCLUSION

In conclusion, the GO–Fe3O4 hybrid material has been
synthesized by a simple chemical deposition method and
fully characterized. The formation of hybrid material was
characterized by FTIR, TEM and XRD. The sizes of the
Fe3O4 nanoparticles on GO are mainly distributed between
2–4 nm. This hybrid material shows a much enhanced
optical limiting performance compared with GO and is
comparable with the benchmark material-C60. The mech-
anism responsible for the enhancement may be attributed
to the enhanced nonlinear scattering effect introduced by
the Fe3O4 nanoparticles.
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