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Composite films made of graphene nanoplatelets (GNP) and magnetite Fe3O, nanoparticles have been prepared
with and without magnetic field. Poly(3,4-ethylenedioxythiophene):polystyrenesulfonic acid (PEDOT:PSS) was
used as a stabilizing polymer matrix. Film morphology was found to depend strongly on the presence of magnetic
field, i.e. more porous structure of GNP- Fe30, is formed in magnetic field. Thin films formed without magnetic
field have activation character of conductivity, while thin films formed in magnetic field have metallic con-
ductivity. Thus, the magnetic field acting during film formation in these composites results in semiconductor-

metal transition. DFT calculations show that at low distance between GNP surface and nanoparticle strong
interaction between them can be observed.

1. Introduction

Graphene and graphene nanoplatelets (GNP) are the most studied
materials during the last decade owing to their outstanding properties
and manifold applications [1,2]. Alignment of the graphene nanopla-
telets is very attractive for many electronic applications because of the
active surface increase. The efficient growth of vertically oriented
graphene nanosheets on nickel surface has been recently achieved
during chemical vapor deposition [3]. However, this tool is very costly
and time consuming, as well as surface limiting. Application of the
stacking polymers [4,5] is known to result in some GNP alignment, but
along the substrate surface. The most attractive configuration is GNP
aligned perpendicularly to the substrate, because it can result in the
highest increase of the active surface. The electric field [6] is useful for
the GNP alignment, however it requires rather high electric fields da-
maging the structure. The usage of special groups at GNP edges can
align GNP perpendicularly to the surface using Langmuir-Blodgett ap-
proach [7]. However, such groups are strongly insulating what is a
drawback for electronic applications. One of the ways of alignment of
such materials can be the formation of the films in the magnetic field.
For this purpose, composites based on graphene nanoplatelets covered
with magnetic nanoparticles are proposed. These nanoparticles are
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known to align easily within magnetic field lines in magnetic liquids [8]
similarly to magnetic microparticles. The decoration of GNP by metal
nanoparticles was found to improve the film conductivity and stability
[9]. Composites based on nanoparticles made from magnetic metals are
promising for various potential applications such as spin-polarized de-
vices, carriers for drug delivery, magnetic recording media, high-fre-
quency applications, magneto-optical storage, interference suppression,
biomedical sensing, etc. [10,11]. Magnetite, Fe;O,, is an attractive
material for anodes in manifold electronic devices and spintronics due
to its high theoretical capacity, high density, low cost, low toxicity, and
outstanding magnetic properties [12]. Thus, the usage of these two
materials can combine their properties. This approach results in the
improvement of thermal conductivity [13]. The graphene alignment in
such a composite can be reached even at low magnetic field [14]. Ty-
pically, for the synthesis of graphene-Fe;O, composites the graphene
oxide is used [12,15]. In this case Fe3O, nanoparticles are chemically
attached to the reduced graphene oxide by means of chemical reaction.
However, conductivity of graphene oxide is low [1].

In this work we synthesized polymer composites based on con-
ducting polymer filled with GNP covered by Fe;0,4 nanoparticles [16].
Poly(3,4-ethylenedioxythiophene):polystyrenesulfonic ~ acid  (PED-
OT:PSS) was used as a conducting polymer matrix. PEDOT:PSS is
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attractive to be used as a matrix owing to good interaction with GNP.
Though, any polymer can be used for this purpose (for example, poly-
aniline [17,18]), PEDOT:PSS is attractive owing to its good interaction
with GNP. Thin films of this composite were grown in magnetic field,
and morphology and electrophysical properties have been studied.

2. Experimental

GNP are few layer graphene nanosheets produced by microwave
(800 W) exfoliation of ASBURY expandable graphite [19-23] followed
by a sonication in ultrasonic bath in water-alcohol solution for size
reduction, and further enriched by centrifugation. We used this “green”
water-isopropanol solvent, because water-ethanol gives good enough
results for graphene dispersion [24], having higher boiling point
making difficult a solvent evaporation during nanoparticle synthesis,
and compatible for NP synthesis. Isopropanol can be easily mixed with
water. The volume ratio of water:isopropanol is 4:1.

The synthesis of Fe;O, nanoparticles was made in the previous
manner [25] directly in GNP suspension by the following way. At the
first stage 14.9 mg of iron (III) chloride hexahydrate FeCl36H,0 were
dissolved in 5ml of distilled water and 8.5 mg of iron (II) sulfate hep-
tahydrate FeSO47H,0 were dissolved in 5ml of distilled water with
1-2 drops of concentrated sulfuric acid (92%). Separately the graphene
(GNP) dispersion were prepared by adding of 6.4 mg of GNP to 8 ml of
isopropyl alcohol. This suspension was ultrasonicated during 45 min.
Then 0067 ml of the concentrated ammonium hydroxide (25%) were
added to GNP suspension. Thereafter the irons salt solutions, obtained
in the first stage, were added slowly to GNP suspension, containing
ammonium hydroxide. The prepared Fe;04-GNP suspension was care-
fully washed several times by water-isopropanol solution for removing
the excess of reaction products and magnetite NP that was not attached
to graphene. Polymer composites have been obtained by mixing the
calculated amounts of polymer and graphene-magnetite solution. All
reagents were used as received without any additional purification.
Water solution of PEDOT:PSS (low conduction grade) was purchased
from Sigma Aldrich.

We prepared composite films made from GNP and magnetite na-
noparticles and formed in magnetic field and without it. Fe30, nano-
particles represent a magnetic liquid in water-isopropanol solution.
This liquid is very sensitive to magnetic field resulting in high align-
ment of iron oxide nanoparticles. The composite solution was drop-
casted on Si or quartz substrate, and polycor substrate with 5 mm long
Ni electrodes separated by 100 um distance, followed by heating under
vacuum at a temperature of 100 °C for 30 min. Before deposition, the
substrates were ultrasonically cleaned in acetone for 15 min, dried in a
nitrogen flow, and then irradiated with oxygen plasma for 15 min to
remove any organic contamination. Thin films are formed by drying in
air in magnetic field 0.15 Tl (perpendicularly to the film surface) or
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without it. The film thickness was 400-500 nm. In order to measure the
thickness, the films were scratched to expose the substrate and a Solver
P47 atomic force microscopy in tapping mode was used to scan from
the film top to the exposed substrate surface. Three independent pro-
cedures of synthesis, film formation and characterization measurements
have been carried out, yielding practically the same results.

The morphology of the dispersed phase was examined using a LEO-
1455VP scanning electron microscope with a resolution of 1nm at
100kV and a LEO-906 transmission electron microscope (TEM). The
samples for TEM measurements were prepared by dropcasting the so-
nicated dispersion of the corresponding material in water-propanol
solution onto 600 mesh copper grids coated with lacey carbon and
dried at room temperature for 3h. Elemental composition has been
determined with X-ray spectral analyzer RONTEG.

The conductivity temperature dependences were studied by means
of cyclic thermo-desorption [26] in 107> Pa vacuum). The sample is
heated up to a certain temperature resulting in the decrease of the
adsorbed oxygen in the film, up to some fixed level. Then the sample is
cooled with the same concentration of the adsorbed oxygen, and the
conductivity temperature dependence is measured during this process.
Then this sample is heated again up to a higher temperature, and
measurement is repeated at a lower concentration of the adsorbed
oxygen. As a result, we obtain a set of conductivity temperature de-
pendences with decreasing adsorbed oxygen in the film in every sub-
sequent heating-cooling cycle.

Density functional theory (DFT) [27] was applied to simulate the
interaction between magnetite NP and the first layers of GNP, as well as
the spin distribution in the system. Calculations were made in the fra-
mework of the quantum chemical Gaussian-09 Program package [28].
Magnetite NP was approximated by the simplest molecule structure
consisting of 3 iron atoms and 4 oxygen atoms. GNP was approximated
by a rectangular honeycomb structure built from benzene rings with
values of C—C bonds replaced with experimental data [29].

3. Results and discussion

Graphene nanoplatelets have typical width of 10-20 um and thick-
ness up to 3nm [6,19]. It was shown [6] that their Raman spectrum
does not contain the D peak, thus pointing out the absence of chemical
defects.

Fig. 1a shows a TEM picture and the diameter distribution (inset) of
iron oxide NP synthesized without GNP. The histogram corroborates
the narrow size distribution with maximum number of particles around
7 * 1.4nm, along with larger particles up to 15.9 nm and the smallest
particles of 3.5nm. XRD spectrum contains peaks at the angles 41.46,
35.15, 50.54, 67.4 and 74.25° confirming the formation of Fe;0,4 phase
[25]. The obtained suspension is highly sensitive to the presence of
magnetic field. When we prepared a thin film of pure iron oxide

Fig. 1. The micrographs of the iron oxide nanoparticles without GNP (a) with their corresponding size distribution (inset), and the iron oxide nanoparticles deposited

on GNP (b).
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Fig. 2. The alignment of the iron oxide nanoparticles in a magnetic field.

nanoparticles in a magnetic field (perpendicularly to the substrate
surface), these nanoparticles form an ordered structure (see two-di-
mensional distribution perpendicularly to the magnetic field in Fig. 2).
It can be supposed that these bright points represent needles consisting
of Fe;0,4 nanoparticles attracted to each other in magnetic field. These
nanoparticles are easily attached to GNP surface in the same reaction in
the presence of GNP suspension. The high microscope resolution image
(Fig. 1b) showed that the corresponding nanoparticles are physically
adsorbed on the graphene surface randomly and homogeneously en-
ough, similarly to copper nanoparticles [6]. The final GNP-magnetite
suspension is also very sensitive to the magnetic field. The obtained
GNP:Fe;0,4 weight ratio was 60%:40%. No visible changes in Raman
spectrum have been observed.

Then we prepared thin films made from GNP covered with iron
oxide nanoparticles forming them in the magnetic field and without it.
Fig. 3 illustrates the micrographs of both films. It can be seen that the
thin film formed in the magnetic field has GNP located not strictly
perpendicularly to the surface, as expected. However, this film has a
more porous structure and active surface as compared to the film
without the field. This fact confirms the strong effect of the magnetic
field on the formation of this composite morphology. It can be supposed
that magnetite nanoparticles on GNP surface tend to be attracted to
each other in magnetic field similar to that in pure nanoparticle sus-
pension. In the volume they cannot be attached very close forming
nanoparticle needles, it results in the formation of a more porous film
morphology.

It was found that the magnetic field applied to samples during film
formation also affects strongly the electric properties of these films. The
conductivity temperature dependences are presented below for thin
films based on graphene (Fig. 4) and polymer composite based on
graphene with iron oxide nanoparticles, formed in the magnetic field
and without it (Fig. 5). Note that composite films made from GNP
covered with iron oxide NP are not enough stable mechanically. Thus,
PEDOT:PSS polymer matrix is used for the stabilization of the film
structure during heating-cooling processes. The weight ratio of poly-
mer:filler was 1:1.

It can be seen (Fig. 4) that the resistance of the graphene films is
growing with the temperature increase with a slight super-linearity.
Such a behavior is typical for semimetals containing admixtures acting
as centers of scattering of charge carriers. During the oxygen desorption
the resistance of the graphene film decreases that can be caused by
decreasing of the concentration of the scattering centers and increasing
of the mobility of charge carriers. The curves obtained for thin films
made of graphene are linear in conductivity-temperature coordinates.

The temperature dependences of the conductivity of thin films of
polymer composites based on graphene with iron oxide nanoparticles,
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Fig. 3. The morphology of the films made from GNP covered with iron oxide
nanoparticles and formed without magnetic field (a) and in a magnetic field
perpendicularly to the substrate surface (b).
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Fig. 4. Temperature conductivity depencences for pure GNP film made for
different highest heating temperatures.

formed in magnetic field and without it, show a different behaviour
(compare Fig. 5 a and b). The thickness and dimensions of the film in
both cases are approximately the same. Graphene — iron oxide com-
posite films formed in the magnetic field show temperature con-
ductivity dependences similar to that of graphene with metallic con-
ductivity. As opposite, graphene — iron oxide composite films formed
without magnetic field have a semiconductor activation character of
the conductivity with not essential temperature changes of activation
energy in the range of 0.029-0.034 eV. The conductivity value at the
beginning of heating was twice smaller, but it became practically the
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Fig. 5. Temperature conductivity dependences for thin films of polymer GNP-
Fe30,4 composite formed without magnetic field (a) and in magnetic field (b),
made for different highest heating temperatures.

same after heating. Thus, the magnetic field acting during graphene-
Fe3;0, film formation results in the dielectric-metal transition. It should
be noticed that, comparing the spread of the temperature dependences
there is considerable difference in the value of conductivity, owing to
oxygen adsorption in pure GNP and composite films, pointing out at
higher porosity of the latter film.

The conductivity of GNP is metallic, and the conductivity of mag-
netite is semiconducting. Thus, it can be expected that morphology
changing in GNP-magnetite composite can result in the observed phe-
nomenon. The magnetic field attracts nanoparticles closer to each other
and improves contacts between nanoplatelets.

The observed behavior can apparently depend on the interaction
between GNP and Fe3;04 nanoparticles. To verify this assumption, DFT
simulation of this system was applied using Gaussian-09 Program
package. Calculations were made to minimize the conformational en-
ergy of the simulated structure. We choose to describe only one-layer
GNP in the simulation, because we suppose that in this case the inter-
action with nanoparticle can result in stronger structure deformation
than in the case of multilayered GNP, owing to m-m-stacking of gra-
phene layers. According to simulation, the interaction between coun-
terparts depends on the GNP-NP distance. At higher distance, weak
interaction is observed (Fig. 6a) that can be noticed in some electronic
density redistribution in GNP and nanoparticles (not presented). This
energy redistribution, however, is not enough to result in conductivity
type changes. Note that non interacting nanoparticles are easily
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Fig. 6. The simulation of interaction between GNP and magnetite molecule at
higher (a) and lower (b) distance.

removed from the composite solution during washing procedure. When
the distance is low enough, the formation of chemical bonds with GNP
surface skewing is observed (Fig. 6b). Essential interaction between
Fe;0,4 and graphene is confirmed by other calculations [30,31] and
experimental data [32]. Calculations [33] showed that magnetic field
aff ;ects strongly the electron density of molecules. The effect of charge
transfer process can be quantified in terms of shifting of Fermi level of
these components [34].

In order to find the most reliable explanation the further experi-
ments are required.

4. Conclusions

We prepared composite films made from GNP and magnetite Fe304
nanoparticles, stabilized by PEDOT:PSS polymer, and formed in mag-
netic field. It was found that the magnetic field applied to samples
during film formation strongly affects the morphology and electric
properties of these films. GNP covered with magnetite nanoparticles
tend to align along the magnetic field and form more porous structure.
Thin films formed without magnetic field have activation character of
conductivity, while those formed in magnetic field has metallic con-
ductivity. The magnetic field attracts nanoparticles closer to each other
and improves contacts between nanoplatelets. The possible mechanisms
of these transformations are discussed in terms of the increase of in-
teraction between counterparts in magnetic field. To verify this as-
sumption, DFT simulation of this system was applied using Gaussian-09
Program package. According to simulation, the interaction between
counterparts depends on the GNP-NP distance. At higher distance, weak
interaction is observed as a noticeable electronic density redistribution
in GNP and nanoparticles. When the distance is low enough, the for-
mation of chemical bonds with GNP surface skewing is observed. The
proposed facile wet-processing technology to obtain vertically aligned
graphene nanosheets enable low-cost and large area processing for
manifold applications.
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