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Abstract: The use of nanocomposite materials has
led to progress in the creation of new electronic devices
(minitransistors, sensors, micro-drives, which are used to
build artificial muscles, and supercapacitors. Nanocom-
posites occupy a special place with magnetosensitive
fillers, particularly successfully used in medicine.
Nanocomposites are also used for a protective coating.
Depending on the operational functions, achieving a
specific conductivity value and its change with tem-
perature is necessary for such a coating. In the work, a
conductivity model of polymer nanocomposites based on
graphene (Gr/PS) was obtained using experimental data.
The largest relative deviation between the conductivity
surface and experimental data does not exceed 9.5%.
The expression was obtained for the graphene concent-
ration 1 < C(Gr) < 30 wt % and the temperature range 20
< T < 100 °C. The dependence of the specific electrical
conductivity on the filler concentration and temperature
obtained in the work will allow the researchers to select
a nanocomposite with the required conductivity and
evaluate the temperature effects on it for the conditions
to which the material will be exposed.
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1. Introduction

The creation and use of nanocomposites today
means a new step in the search for materials with the
desired predetermined properties. In particular, nano-
structured polyaniline, the synthesis of which is
described in [1], is used for the manufacture of various
electronic devices: mini-transistors [2], sensors [3,4],
microdrives used to build artificial muscles [5], super-
capacitors [6,7], anti-corrosion coatings [8]. A special
place is occupied by nanocomposites with magneto-
sensitive fillers, which are of particular importance in
medicine: recognition of biological formations in biolo-
gical media, the target delivery of drugs to biological
sites, adsorption of cell decomposition residues and their
removal from the body due to the application of a
magnetic field [9, 10].

In [11], an experimental study of the specific
electrical conductivity of polymeric nanocomposites
based on graphene was carried out. Such materials are
used for protective coatings against electromagnetic irra-
diation and must have certain conductivity values to
remove the statistical charge. In polymers, certain
conductivity values are achieved by the introduction of
conductive filler nanoparticles into a dielectric polymer
material. In particular, in [12], a polymer nanocomposite
with soot is considered, the introduction of which
distorts the technological qualities of the material. A
number of works, in particular [13], are devoted to the
use of single- and multi-walled carbon nanotubes as a
filler, but the cost of such material remains high. Tech-
nologically, the use of graphene has an advantage [14]
due to the fact that this nanomaterial is obtained from
inexpensive graphite by simple chemical processing.

Regarding the conductivity of Gr/PS, we find a
certain discrepancy in data provided in the literature. In
particular, [14] shows a change in conductivity by 9
orders of magnitude (from 10-8 to 10 C/sm). In [11], a
740-fold change (at 20 °C) is declared: from 0.128 to
95 C/sm. The dependence of the specific electrical
conductivity on the concentration of the filler and on the
temperature obtained in the work will allow experi-
menters to choose a nanocomposite with the required
conductivity and to evaluate temperature effects on it for
the conditions to which the material will be exposed.

2. Dependence of Gr/PS conductivity on filler
concentration and temperature

In this paper, a model of the conductivity of
polymeric nanocomposites based on graphene as a
function of graphene concentration and temperature was
created, in which experimental data from Fig. 3 [11]
were used. Fig.3 [11] shows that

- Gr/PS conductivity slightly changes at low
concentrations (up to 20 wt%);

- Even a small introduction of graphene (1 wt. %)
leads to the formation of a percolation network, whose
creation was proved by atomic force microscopy;

-~  Temperature change has little influence on the
specific conductivity of the nanocomposite at filler
concentration up to 20 wt. %;
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- Nanocomposites with a concentration of 30 wt %
were considered to be the most sensitive to temperature.

In [11], electrical conductivity was measured for
concentrations: 1, 10, 20, 30 mass % and at temperatures
of 20, 30, 50, 70, 100 °C. The shown dependence of
conductivity on Gr concentrations for different
temperatures (Fig. 3 in [11]) visually resembles a
parabola. At zero concentration of the filler, the
conductivity is considered equal to 0. Therefore, we
carried out a linear decomposition of the conductivity
function into polynomials up to the 3rd order without a
free term.
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The obtained coefficient values are shown in Table 1.
Fig. 1 displays the obtained function of conductivity

versus concentration, where experimental data are
indicated by dots

Table 1
Coefficients of the linear decomposition of the
conductivity function into polynomials of the third
order for different temperatures

T(C) 20 30 50 70 100

Coef.
6,791 5,093 3,071 1,238 —0,554
-1,303 {1,084] -0,738 -0,455 { -0,161 ]
0,053 0,045 0,032 0,021 0,00966
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Fig. 1. Dependence of the specific electrical conductivity of
Gr/PS on the concentration of graphene for different
temperatures. Solid lines show the obtained functions, points
correspond to the results of the experiment in [11].

As it can be seen from Fig.1, interpolation of
conductivity by third-order polynomials describes the
functional dependences for different temperatures satis-
factorily. At low graphene concentrations, small values

of negative conductivity are observed, inherent in nano-
composites even with a composition of 1 wt. %, which
indirectly indicates the formation of a percolation net-
work even at low concentrations. The presence of nega-
tive conductivity for all nanocomposites at low con-
centrations for all analyzed temperatures can be explai-
ned by the peculiarity of the electronic spectrum in gra-
phene, which does not contain a forbidden band. It is
important that our simulation and the obtained depen-
dences reflect all these features: weak dependence on
temperature and negative values of the specific conduc-
tivity at low concentrations and the subsequent rapid
increase in the specific heat capacity with increasing
concentration for all analyzed temperatures. Let us
analyze the change in the decomposition coefficients (1)
with increasing temperature, shown in Fig.2.

Decomposition coefficients

Fig. 2. Temperature dependence of decomposition
coefficients obtained using the equation (1)

As we can observe, the coefficients of linear depen-
dence are the most significant and most havily depend
on temperature. The coefficients of quadratic depen-
dence are small and always negative. These coefficients
are characterized by inverse dependencies: the first
coefficient decreases with increasing temperature until it
reaches negative values at high temperatures (red line in
Fig.2). The coefficients of the quadratic dependence
acquire only negative values, increasing with increasing
temperature. The coefficients in cubic dependence are
practically independent of the temperature and their
absolute value is very small. All our dependences are
monotonic functions with small deviations from
linearity. Therefore, to describe the dependence of the
coefficients on temperature, we performed linear
interpolation by second-order polynomials.

a(i,T)=Y." a(i,j)T’ @)
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The obtained values of the coefficients are given in
Table 2.

Table 2
Coefficients of decomposition (2), for describing the
temperature dependence of specific conductivity

a(0,)) a(l.j)

a2y)
9,732 -0,761
-0,167 0,025
0,00064 -0,00009

0,07
—-0,00094
0,0000033
3. Results and discussion

Fig. 3 shows the surface of specific conductivity of
nanocomposites with graphene content depending on the
filler concentration and temperature. The surface is
described by equation (3) with the coefficients given in
Table 2.

G(C,T)=ZZ:](Zj:Oa(k,j)TJ)Ck 3)

Separate points indicate the experimental values of
the specific conductivity of nanocomposites obtained
experimentally in [11]. Bright red dots correspond to
data that are in front of/on the surface, dim dots - values
that are behind the surface.
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Fig. 3. The conductivity surface described by expression (3).

The largest relative deviation of calculated and
experimental values does not exceed 9.5%. As it can be
seen, the provided surface reflects all features obtained
experimentally. At low concentrations, a weak depen-
dence on temperature and concentration can be observed.
There are regions of negative specific conductivity, and
there is a rapid increase in conductivity with temperature
for nanocomposites with a graphene concentration
higher than 20 wt. %. The highest conductivity values
characterise nanocomposites with 30 wt. % of graphene

at 100 °C. The experimental values obtained in [11] are
shown by dots in Fig. 3. As we can see from Fig. 3, the
points do not significantly deviate from the obtained
surface, which indicates the closeness of the compared
calculated and experimental values. It should be noted
that the resulting model is designed for the following
constraints:

1. 1< C(Gr) <30 (wt.%)

2. 2.0°C<T<100°C.

4. Conclusions

In this work, a simple model of the conductivity
dependence of graphene nanocomposite on filler concen-
tration and temperature is obtained. The model is valid
for the region: 1 < C(Gr) < 30 wt. %; 20 < T < 100 °C.
The relative deviation of the calculated and experimental
values does not exceed 9.5 %. The simplicity of the
model is an attractive option for estimating the filler
content and operating temperatures of the material based
on its desired specific conductivity.
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MOJIEJIOBAHHSA EJIEKTPOIIPO-
BIJHOCTI NOJIMEPHUX HAHO-
KOMITIO3UTIB HA OCHOBI IPA®EHY

Kopmuenis ToBcTrok

BuxopucraHHs HaHOKOMIIO3UTHHMX MaTepialliB I[IPUBEIIO
MIOCTYITy y CTBOPEHHI HOBHX €JIEKTPOHHHX IPUCTPOiB (MiHi-
TPaH3UCTOPIB, CEHCOPIB, MIKPOIIPUBO/IIB, SIKi BUKOPHCTOBYIOTb
UL TOOYNOBHU IITYYHHUX M s3iB, HaJIKOHAEHCcaTOpiB. OcobianBe
Miclle MOCiZafoTh HAHOKOMIIO3UTH 3 MAarHeTOYyTJIMBHMHU
HAIlOBHIOBa4YaMH, SIKi OCOOJIMBO YCIIIIHO BHKOPHCTOBYIOTH B
MeIuIMHI. HaHOKOMITO3UTH TakoX BHKOPHUCTOBYIOTH JUIS
3aXUCHOr0 MOKPUTTA. J[0 TaKoro IOKPHUTTS, 3aIEXKHO Bif
(YHKLIIOHAIBHMX ~ (YHKIIH, BHHMKAE TI0TpeOa JIOCSTHEHHS
MIEBHOr0 3HA4Y€HHsI MPOBIHOCTI Ta ii 3MiHM 3 Temreparypoto. B
po0OTi OTPHMAaHO MOJENb HMPOBIAHOCTI MONIMEPHUX HAHOKOM-
no3utiB Ha ocHoBi rpadeHy (Gr/PS), Ha ocHOBI excrepu-
MEHTAJbHMX JaHuX. HaiiOlaelne BiJHOCHE BIAXWIEHHS MK
MOBEPXHEIO INPOBIIHOCTI Ta JAHUMH EKCIIEPUMEHTY He Iepe-
Buiye 9,5 %. Bupas orpumanuii 115 KoHUeHTpauii 1padeny 1 <
C(Gr) < 30 Mac. % Ta inTepBany Temneparyp 20 < T < 100 ° C.
OtpumaHa B poOOTi 3aICKHICTh NUTOMOI €JIEKTPOIPOBIHOCTI
BiJl KOHIIEHTpalil HallOBHIOBAaYa Ta BiJ TeMIIEPaTypH J03BO-
JIUTh €KCIIEPUMEHTATOPaM ITiiOpiTH HAHOKOMIIO3UT 13 1OTpio-
HOIO MPOBIAHICTIO 1 OL[IHUTU TEMIIEPATypHi BIUIMBH Ha Heil 11t
YMOB, B SIKHX Oy/ie 3HaXOAUTHUCS MaTepial.
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