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Relatively low resistance values were obtained in certain areas of the surface of single-
walled carbon nanotubes and highly oriented pyrolytic graphite in metal/polymer composite/metal
systems, and these values were compared with the resistance values of reduced graphene oxide
aggregates embedded into the similar polymer matrix. Reduced graphene oxide, single-walled
carbon nanotubes, and highly oriented pyrolytic graphite were introduced into composites during
styrene radical polymerization and after their surface modification. The resistance decreased for
composites in the range: single-walled carbon nanotubes, highly oriented pyrolytic graphite,
reduced graphene oxide, reaching extremely low values for the latter when was measured in planar
metal/carbon derivative/metal structures. Also, comparing the resistance values in the electrode
structures of different geometries, it was determined that for carbon additives under study in planar
structures resistance values are lower by several orders of magnitude than the resistance in
sandwich structures, and is also lower than the resistance of highly conductive metals. Such a
decrease in the resistance values of carbon inclusions can be explained by the formation of a new
mutual orientation of carbon particles during syntheses and later by changes under deformation
stresses between them and the polymer matrix during composites films’ preparation. We proposed
that these processes can possibly affect the electronic structure of the carbon derivatives.

Keywords: single-walled carbon nanotubes, highly oriented pyrolytic graphite, reduced
graphene oxide, polymer composites, resistance, superconductivity.

For a plenty of industries it is of great importance to use superconducting materials with a
high critical temperature (T¢), i.e., demonstrating superconductive state up to room temperatures
and even higher. As perspective materials for practical use can be considered carbon derivatives
which are very light and rather cheap. It was assumed in [1 - 3] that the effect of such an anomalous
decrease of resistance values could be associated with deformation shifts and stresses in some
areas of reduced graphene oxide (rGO) surface, when carbon inclusions are introduced into the
polymer matrix during syntheses and form covalent bonds with it. A study of the magnetic
properties of graphene-containing composites on a vibrational magnetometer showed the existence
of superconductivity effect in rGO [3] and superconducting particles can be separated from the
others particles of rGO in the polymer composite [4].

At the same time, signs of superconductivity were also registered for finely dispersed
highly oriented pyrolytic graphite (HOPG) [5] and other carbon compounds that do not form
covalent bonds with the environment [6-11]. It should be noted that the high-temperature
superconductivity has been achieved at graphite interfaces [12], and in disordered carbon [13].
Unlike rGO, which forms covalent bonds with polystyrene as a result of copolymerization [2],
HOPG and single-walled carbon nanotubes (SWCNTSs) in composites with polystyrene should be,
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first, linked with polymer by van der Waals forces, since they do not have a significant number of
functional groups on its surface capable to form the chemical bonds with polystyrene. The
previously obtained values of anomalously low resistance, in particular, for multilayer rGO [1-4],
as well as the capture of the magnetic moment by finely dispersed HOPG [10], suggest that they
are associated with a change in the surface topology and mutual orientation of carbon
nanoparticles. Since the effect of deformation interactions leading to the appearance of
superconducting properties was previously pointed out in rGO after syntheses with polystyrene
[1-4], it seems likely that the process of copolymerization with styrene should also create some
deformation stresses on the surface of SWCNTs and HOPG although in a lesser extent. So,
conductive properties of finely dispersed HOPG and SWCNTSs creating a small amount of covalent
bonds with a polymer matrix could be different from conductive properties of rGO having a plenty
of covalent bonds with a polymer. Besides additional changes of the number and the strength of
bonds between carbon fillers and the polymer matrix apparently should be caused by the grinding
and diminishment of carbon additives, namely SWCNTs and HOPG, since the mutual orientation
of graphene layers could be shifted under grinding, and new defects can appear at the edges of
carbon sheets. It is obviously that with a large decrease of carbon particles’ sizes under intense
grinding of their host composites the influence of quantum effects can increase as well.

The study of the superconductivity phenomenon of carbon nanostructures in polymer
composites, as well as the development of electronic devices based on them with extremely high
sensitivity to magnetic flux (SQUIDs), makes not only a significant contribution to the evolution
of fundamental ideas about the superconducting state, but also has prospects for practical
application in spintronic. In addition, the development of technology of high-temperature
superconductors will simplify and reduce the cost of a wide range of medical research. In particular
there should be mentioned the possible prospects for the early diagnostics of cancer diseases. It is
determined that cancer cells and tumors create electromagnetic fields that is different from
electromagnetic fields of healthy surrounding tissues. According to this assumption, facts
concerning the interaction of tumor cells with an external electromagnetic field and nerve cells of
the body are found [14, 15]. Besides this, the proximity of nerve endings to each other and their
increased electromagnetic field strength influencing the nearest somatic cells can be considered as
the trigger for the emergence of cancer cells. As it is known, a strong electric field can change the
geometry of molecules and polarize their orbitals [16-18]. As a result, a strong polarization of
DNA fragments is possible, which can lead to serious failures in the functioning of critically
important gens, and, as a result, to the possible creation of cancerous formations. The differences
in the magnitudes of electromagnetic fields of cancerous and healthy tissues can be detected in
perspective by supersensitive superconducting magnetometers with a high T¢ [19-21] especially
when the development of methods of electromagnetic noise suppression will be achieved.

Since the theory [22-24] predicts the possibility of the room-temperature superconductivity
for deformed carbon sheets the aim of this paper is to find other perspective carbon derivatives for
room-temperature superconductivity and for this to measure the resistance values of SWCNTSs,
HOPG and rGO in their polymer composites after deformation stresses.

EXPERIMENTAL PART

The studied SWCNTSs from the manufacturer OCSiAl had an individual nanotube length
of more than 5 um, an outer average diameter of 1.4 £ 0.3 nm, and an outer specific surface area
of about 400 m?/g. At the same time nanotubes form stable bunches of real lengths of some tens
and hundreds micrometers as was shown by SEM method (Fig.1, a).



Fig.1. SEM micrographs of the films’ surface of polystyrene composite with original (a) and crushed (b) SWCNTs
[25]

The type of the used HOPG is ZYA DS  (https://www.ntmdt-
tips.com/products/group/zya), the size of the original piece of HOPG is 0.7x0.7x0.3 mm.

The rGO was obtained from native crystalline graphite due to an oxidation followed by a
reduction using the modified Hummers method [26].

Next, the every of carbon compounds were treated with a silicon-containing compound 3-
(trimethoxysilyl) propyl methacrilate (TMSPMA) from Sigma-Aldrich, >98% purity, and
introduced into a polystyrene mixture during radical polymerization with styrene (Sigma-Aldrich,
>99% purity) using an azobisisobutyronitrile initiator (Fluka, >98% purity) [27]. A method of
composites synthesizing is described in [2]. The content of rGO, SWCNTSs, and HOPG in the
synthesized composites was 1 wt %. Syntheses of all 3 composites continued for 20 hours, as a
result, the polymer yield was more than 90%, and the molecular weight of polystyrene was about
14500 Da. Macroscopic HOPG samples have been mechanically ground before synthesis with
styrene with a glass rod in a glass beaker for 1 hour. After precipitation in ethanol and drying, the
resulting PS/SWCNT composite was mechanically crushed in a vibrating ball mill (DDR-GM
9458, 30 W, 50 Hz, Germany) for 1 hour to a powdery state and then further crushed with a glass
rod in a glass beaker for 2 hours. The grinding was continued until the length of the individual
particles of SWCNTSs did not exceed 5-10 um, and some of them did not reach the size of about 1
um (Fig. 1, b). The composite with rGO was not subjected to grinding, since the sizes of individual
rGO particles in the polymer matrix after synthesis were about 5-8 um, even without grinding.
Thus, all carbon additives in the polymer matrix originally had linear dimensions in the range of
about 0.5 to 10 um.

To obtain current-voltage characteristics (CVCs) of the composites in
metal/composite/metal sandwich structures, the composites were deposited on copper electrodes
from their 1 wt. % benzene solutions. The copper electrode diameter was about 0.5 cm?. The
thicknesses of the films deposited on the electrodes were 2 um and were estimated using an
interference microscope, as in [2]. The current-voltage characteristics (CVCs) and temperature
dependencies of the resistance in metal/composite/metal both in sandwich and planar structures
were obtained by the modified four probe method, as in [2, 28] with 2-probe and 2-current contacts.

For measuring CVCs in planar structures, the composites were deposited on a glass
substrate from a benzene/petroleum ether solvent mixture in a 1:1 ratio by volume. Chemically
pure benzene and petroleum ether 40-70 (ECOS-1) were used to prepare composite solutions. It
was shown previously [2] that this ratio allows the maximum separation of rGO and polystyrene,
and contributes to the maximum enlargement of carbon agglomerates on the polymer surface. To
obtain sufficiently large SWCNT structures on the surface of polystyrene deposited from such a
mixture of solvents, solutions were prepared with a composite content of about 30 wt %.

The surface topography and local current maps were measured using atomic force
microscopy (AFM). Conductive AFM method (c-AFM) allowed to obtain simultaneous of two-
dimensional (2D) surface and local current maps of the film. This allows comparing topography



and local current signals along a selected line. The upper electrode was an AFM probe with a 20-
30 nm thick conductive Pt coating (HA_C/Pt) ("TipsNano"). Probe stiffness is ~0.5 N/m, and the
probe curvature radius is R~15-20 nm. The quality of the Pt coating on the probe was checked
before each measurement.

Temperature dependencies of resistance were obtained in sandwich structures in the
temperature range of 90 — 298 K for composites’ films with thickness 2 um.

RESULTS AND DISCUSSION

During precipitation with petroleum ether from a benzene solution sufficiently large rGO
agglomerates were formed on a polystyrene surface (Fig. 2). It would be due to the fact that rGO
has a low density, is subjected to exfoliation, and can be easily reoriented when polymer coils are
compressed in a poor solvent. For SWCNTs (Fig. 3), this effect of SWCNT inclusions’
enlargement is less marked, since a precipitation with petroleum ether practically does not
influence sizes of carbon inclusions. The area of SWCNT aggregates in this case enlarges mainly
due to an increase of SWCNT concentration up to 30 wt %. The composite with SWCNTSs
deposited on glass plates consisted of SWCNTSs inclusions of different sizes in the polymer matrix,
their maximum sizes were reaching 0.5 mm. Such sizes of inclusions made it possible to measure
their resistance on the polymer surface. In the case of HOPG (Fig. 4), the use of petroleum ether
did not give the effect of a size increase of HOPG inclusions at all, neither deposited from benzene
solutions nor deposited from a benzene/petroleum ether mixture. For this reason, since it was not
possible to obtain planar structures for HOPG, measurements of the CVCs and temperature
dependencies of the resistance were carried out only in sandwich structures. Apparently, HOPG
particles in the polymer matrix after synthesis and ultrasonic exposure during synthesis are
scattered and are not able to aggregate into large formations when petroleum ether is used as a
precipitant for polystyrene. Beside this, HOPG particles are practically immersed in the thickness
of the polymer and do not come out to the surface of sufficiently thick polystyrene films (up to 30
pum thick and more). Thus they are inaccessible for CVCs measuring in planar structures because
at the high concentration of the composite in a solvent mixture (~30 wt %), polymer films always
had a thickness of tens of micrometers.

.,

FIG. 2. SEM image (a) of rGO distribution in polystyrene matrix without using precipitation and optical image (b) of
some rGO flakes on polystyrene matrix formed after precipitation [2]
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Fig. 3. Microphotos of composite films with ground SWCNTSs on a glass substrate deposited from: a — benzene
solution, 1 wt.%; b — benzene / petroleum ether mixture, 30 wt.%

Fig. 4. Optical image of some HOPG flakes in polystyrene matrix

Since most areas of the composite films are highly resistive, the data shown in Figure 6
refer to the carbon-containing areas with the lowest resistance values. Current-voltage
characteristics in sandwich structures for polystyrene composites with rGO, HOPG and SWCNTSs
are shown in Fig. 5. The current-voltage characteristics obtained for rGO and SWCNTSs in planar
structures are shown in Fig. 6.

The studied carbon compounds demonstrate resistance values that differ by 1-2 orders of
magnitude. So, in sandwich structures at room temperatures resistance for rGO was in average
about 0.25Q), for HOPG - about 0.6 Q and for SWCNTSs - about 13 Q (Fig. 5). At the same time,
copper electrodes without coating in such sandwich structures have resistance values near 0.13 Q.
Such difference between resistance values of carbon derivatives could be explained by some
changes in the chemical structure and a possible different degree of carbon sheets’ deformations
in composites under study. Besides the formation of a newly ordered and enlarged carbon
structures under the influence of petroleum ether in planar structures can cause additional influence
on the process of a self-structuring of small particles of rGO and SWCNTSs. It is worth to mention
that in composite films with SWCNTs and rGO in planar structures, the dots demonstrating a very
low resistance were observed only on areas of large carbon inclusions (up to hundreds of
micrometers). Thus, in planar structures at room temperatures resistance for rGO was about 20 KQ
and for SWCNTSs - about 430 KQ (Fig. 6). For comparing of resistance values of carbon derivatives
with metals, resistance of pure copper and gold samples of close geometry were measured by the
same electrodes at room temperature and resistance values of both metals were about 3 MQ. Since
resistance values is directly dependent on contact area one can see that resistance of gold and
copper is higher than resistance of some places of our carbon derivatives in planar structures.

Resistance temperature dependencies show metallic type of conductivity for films of
composites with SWCNTs, HOPG and rGO (Fig. 7, 8).
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Fig. 5. CVCs of polystyrene composites in sandwich structures with: 1 — rGO, 2 — HOPG, 3 - SWCNTs

[, NA

15

10

-10 4

-15 4

-0,8 -0,4 0,0 0,4 0,8

U, mV
Fig. 6. CVCs of polystyrene composites obtained by AFM probe in planar structures with 1 —rGO and 2 — SWCNTSs

It is important to note that when using electrodes even of a large area up to 3 mm?, the
resistance values obtained for a bulk HOPG sample according to literature data [29] were 2 orders
of magnitude higher than for our composite films with 1 wt % of HOPG, which have a smaller
total surface contact area with the electrodes. It is worth to mention temperature dependencies for
bulk and composite HOPG significantly differ from each other. Thus for a composite films with
dispersed HOPG the drop in resistance with decreasing temperature from room to nitrogen
temperatures was even somewhat faster than for such metals as copper and gold. Thus, in the



studied temperature range for the composite with HOPG, the drops in resistance values were as an
example, from 0.6 Q to 0.06 Q, for gold from 0.0034 to 0.007 Q, and for copper from 0.135 to
0.025 Q, correspondingly. At the same time, for a bulk HOPG sample, on the contrary, the
resistance dropped 3 times slower in the same temperature range (Fig. 8).
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Fig. 7. The temperature dependencies of resistance: 1 — rGO, 2 — HOPG and 3 — SWCNTSs, composite film thickness
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Fig. 8. Decimal logarithm of the temperature dependencies of resistance values for: 1 — the bulk HOPG, 2 - the
composite film with HOPG, 3 — copper
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Fig. 10. The modified single walled carbon nanotubes’ AFM-topography (a) in polystyrene matrix with surface
profile (b) and corresponding local current map (c) with current profile (d)

The influence of deformation changes in carbon sheets on the resistance values of rGO
aggregates can be confirmed also by [30] where was shown that conductivity of rGO inclusions in
polystyrene matrix correlates with their topography and only some places of rGO highly
protruding surface regions were highly conductive (Fig. 9). Deformation of graphene sheets
obviously can arise in such bulging areas. It should be noted also that in [4] precisely the different
shapes and sizes of rGO particles determined the presence or absence of the superconductivity
effect in them. Obviously, the structural features and mutual arrangement of carbon nanoparticles
determines the resistance values of the measured carbon structures. This observation is also true



for SWCNTSs in polystyrene composites (Fig. 10). For bulging areas corresponding current values
were several times higher than for plane areas and located in low places.

As was mentioned above, resistance values on R-T dependencies for all three types of
composites with SWCNTs, rGO and HOPG sharply decreases according to a temperature
decrease. The additional contribution to resistance changes may be due also to the negative
expansion coefficient for graphene and graphite, which causes additional deformations of the
graphene layers when a temperature decreases, which, in turn, can lead to the influence on
resistance values. The presence of surface areas demonstrating anomalously low resistance of the
studied carbon structures as well as their resistance temperature dependencies could indicate the
possible presence of a special low-resistive component in them, which becomes more and more
noticeable at low temperatures. At the same time, for SWCNTs and HOPG, which practically do
not have the possibility to form covalent bonds with the polymer matrix, the absolute values of
resistance are closer to the corresponding values of metals, i.e. the effect of the appearance of an
anomalously low resistance is not as large as in the case of the rGO composite. In the case of a
composite with rGO, the resistance in planar structures at room temperatures is 2 orders of
magnitude lower than the resistance of gold. The temperature decrease of resistance for rGO was
also quicker than for metals, which can also hint the presence of a superconducting component in
rGO particles and correlates with results obtained in [3] for analogous rGO composite. So it can
be proposed that the more opportunities for a deformation of graphene layers the lower can be
resistance values of carbon structures. At the same time in HOPG and SWCNTSs, despite lack of
functional groups graphene layers can be shifted relative to each other as well during their
synthesis with polymer and subsequent grinding. So some local deformation stresses can appear
and one can observe anomalously low resistance values in some areas of carbon structures’ surface.

CONCLUSIONS

For films deposited from solutions of polymer composites synthesized by the method of
radical polymerization of styrene with single-walled carbon nanotubes, highly oriented pyrolytic
graphite, and reduced graphene oxide, the current-voltage characteristics and temperature
dependencies of the resistance were obtained. The received data demonstrate an anomalously low
resistance values in certain areas of the surface when carbon structures were studying in planar
structures and the metallic type of conductivity for all carbon additives was determined. At the
same time a great difference was found in the resistance values between the rGO composite with
covalent bonds and composites with SWCNTs and HOPG, which do not form chemical bonds
with polystyrene. In the case of a composite with rGO the resistance values at a room temperatures
turned out to be lower by 1-2 orders than for composites with HOPG and SWCNTs both in
sandwich structures and in planar structures and the composite with rGO can demonstrate the
resistance values even 2 orders of magnitude lower than resistance of metals [2]. For dispersed
SWCNTs and HOPG, apparently, this effect of the resistance values’ decrease after grinding was
obviously marked mostly due to non-covalent interactions, such as van der Waals forces. In these
cases a resistance decrease is not as large as in rGO because deformations of carbon sheets can’t
be as large as for rGO composite. So the changes of the electron density in the local regions of
carbon inclusions should be weaker than in rGO which is able to form covalent bonds with
polystyrene [1-3].

Thus, for the manifestation of a highly conductive state in carbon particles, it is important
to keep special conditions. In particular, these are a presence of chemical functional groups on the
surface of carbon derivatives as in rGO and the introduction of carbon additives during the process
of synthesis with a polymer leading to deformations of carbon sheets.

The work was carried out on the topic “Polymer and composite materials for advanced
technologies”, project registration number 124013000726-6.

The authors declare that there is no conflict of interest requiring disclosure in this article.
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