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Resistance of composite films based on polystyrene and graphene oxide
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Polystyrene films prepared by radical polymerization can conduct electric current in metal-polymer-metal structures with film thicknesses of up

to 20 nanometers. Films of polystyrene and graphene oxide composite with thickness up to 3 micrometers, synthesized in similar conditions have

the same electric properties. This effect is explained by presence of highly conductive graphene oxide inclusions in the dielectric polystyrene

matrix.
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1. Introduction

The interest in the study of conducting polymers with dielectric properties can be explained by the possibility
their use as components of electronic devices in various fields [1–4]. It is known [1–8] that thin films of
dielectric polymers are able to conduct electricity below the electric field breakdown. Whereas doped polymers
have conductivity levels similar to semiconductors. It is shown that films of such materials have metallic type
conductivity [8–14]. Considering chemical structure of the polymers, conductivity of such polymer films can
be selectively altered. It is necessary to vary the physicochemical properties of polymeric films to determine
the factors influencing on conductive properties of dielectric polymers. Different additives were introduced into
polymer films during their syntheses. The aim of this work was to create a new polymeric composite material with
high conductivity. Polystyrene was used as a polymer matrix because electrization is most pronounced for polymers
with high resistivity [15, 16]. The conductivity in polystyrene films appears in its turn due to the electrization of
polymer by a metal substrate. In this instance, graphene oxide (GO) was used as the conducting additive. This
material after heat treatment in an aqueous medium [17] becomes a semiconductor, and may even have zero
bandgap. After further special treatment as it was done for zirconium oxide in [18], GO may form covalent
bonds with polystyrene [19]. It is well known, that a high-conductivity state is observed in such composite
films [19]. Also, according to Josephson, the current-voltage characteristics phenomenon of superconductivity was
also shown [20,21].

2. Experimental

Hummers wet chemical method was used to produce graphene oxide [22]. Graphite was used as an initial
material for GO production. After series of chemical reactions in liquid medium, the prepared GO was extracted
from an aqueous suspension by aerobic drying at room temperature. Surface modification of GO was carried
out using the method described in our previous work [19]. Polystyrene and polymer-inorganic composites were
synthesized under identical conditions by free radical polymerization in solution. Styrene in an amount of 0.5 ml
and 1 % of 2,2′-azobis(2-methylpropionitrile) (AIBN) by weight of the monomer were dissolved in 0.5 ml of
toluene. In the case of the composite, we took 0.47 g of styrene and 4.9 mg of AIBN as an initiator, and then
added them to the dispersion of GO particles in toluene. Then the reaction mixtures with the initial GO content
of 1 wt.% and without filler were placed into ampoules, which were purged with argon for 10 min and sealed.
Polymerization was carried out for 35 hours at 70◦C, every hour for 15 minutes the ampoules were sonicated.
Part of the polymerization mixture was precipitated by methanol and dried in vacuo to constant weight. This was
done to determine polystyrene yield, which reached 90 % by weight. The molecular weight of the synthesized
polystyrene determined by intrinsic viscosity values was 38000.
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The distribution and agglomeration of GO particles in polystyrene matrix was investigated by Zeiss Supra
55VP field emission scanning electron microscope (Germany).

Films of the polymer composite were deposited on copper electrodes through the dispenser by casting from a
solution of 1 % by weight. The thicknesses of the films were controlled by the interference microscope using the
method described in [2–4]. Current-voltage characteristics of the metal-composite-metal structures were obtained
by the modified two-probe method [2–4]. The area of the lower electrode was 1 cm2, and the upper one –
1 mm2. Measurements were carried out at a pressure not more than 1 kg/cm2. The resistive nature of obtained
current-voltage characteristics exclude the presence of a breakdown in films which have been investigated.

3. Results and discussion

It was found that the amount of GO particles covalently coupled to polystyrene matrix is about 0.02 wt.%
(4 vol.%), according to the SEM data of the composite films (Fig. 1). The distance between individual GO particles
in polymer matrix ranges from tens to hundreds of microns. The inclusions of GO are distributed rather evenly in
the polystyrene matrix due to the formation of chemical bonds between the vinyl groups of modified graphene and
polystyrene. It should be noted that the lengths of individual GO particles reach more than 10 micrometers and
few hundred nanometers in width. Furthermore, GO particles do not overlap, as can be seen in SEM micrographs
(Fig. 1). The particles of GO are arranged parallel to the substrate and do not form a multilayer assemblies, which
typical for graphene due to π − π-stacking [23]. This fact explains the little thickness of the composite at which
conductivity is observed. As a result, high conductivity can be seen nearby GO particles. Composite films with
thicknesses less than 3 µm conduct electrical current, at larger thicknesses, the composite material has dielectric
behavior, even in areas with GO inclusions. Polystyrene without graphene oxide, synthesized under the same
conditions, conducts only with thickness up to 0.02 µm.

Temperature dependences for the resistance, which were obtained for the composite films at thicknesses up to
0.2 µm, indicate that the samples have metallic conductivity on the entire surface area (Fig. 2).

FIG. 1. Micrograph of the composite surface

Films with thickness 0.2 µm and above (up to 3 µm) are non-uniform in conductivity values. Areas of the films
close to GO particles have low resistivity, but larger part of the surface without inclusions has higher resistance
from a few ohms to hundreds of kilo-ohms and higher. So resistance temperature dependences were radically
different for various parts of the film. Polystyrene surfaces without GO demonstrated infinite resistance at liquid
nitrogen temperatures, while areas filled GO were changed into a highly-conductive state. The resistance decreased
by 5–6 orders of magnitude when the temperature was lowered from room temperature to the boiling point of
liquid nitrogen (Fig. 3). Such resistance-temperature dependences for film areas with GO particles are anomalous.
This effect requires further investigation. It should also be noted that composite films based on polystyrene and
GO particles have Josephson current-voltage characteristics over a wide temperature range from liquid helium to
room temperature, according to results obtained previously [20, 21]. This effect indicates the possible existence of
superconducting channels in the composite films. Since in our case in-situ introduced graphene oxide undergoes
various deformations, then it seems to be possible manifestation of the previously theoretically predicted effect of
superconductivity in graphite [24–27].
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FIG. 2. Temperature dependences of the resistance for the composite films with a thickness
of 0.2 µm: 1–areas of the polystyrene film without graphene oxide inclusions; 2–areas of the
polystyrene film with particles of graphene oxide

FIG. 3. Temperature dependences of resistance for the composite films: 1–areas of 0.3 µm thick
polystyrene films without graphene oxide inclusions; 2–areas of 2 µm thick polystyrene films
with particles of graphene oxide

4. Conclusions

As a result of chemical synthesis, composite films based on polystyrene covalently linked to 0.02 wt.% of
graphene oxide particles were obtained.

The resulting composite films have high conductivity in areas adjacent to graphene oxide inclusions, while the
remaining film areas are highly-resistant above 0.3 µm thickness. It is important to note that decrease in resistance
value near graphene oxide inclusions for the 0.2 to 3 µm composite films can vary by several orders of magnitude
in the temperatures ranging from the boiling point of liquid nitrogen to room temperature. For 3 µm thick films,
the resistance values can vary by 6 orders of magnitude. Thinner composite films show resistance temperature
dependence similar to that of metallic type conductivity.
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