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Features of conductivity of systems based on polyethylene oxide and carbon nanotubes
depending on the value of external pressure are studied using method of impedance
spectroscopy. It is revealed that dependence of conductivity on pressure shows percolation
behavior. The mechanisms of nonlinear change of conductivity with the pressure increase
are described and a scheme for their explanation is offered. It is shown that the investi-
gated systems are perspective piezoresistive materials.
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Hcnoabaysa mMeron MMIESAHCHOHN CIIEKTPOCKOIIMY IIPOBEIEHO HMCCJEI0BAHNE O0CODEHHOCTEl
3JIEKTPOIIPOBOAUMOCTY CHCTEM HA OCHOBE IIOJMATIJICHOKCHIA M YIJIEPOJHBIX HAHOTPYOOK B
3aBHCHMOCTH OT BEJIWYNHBI BHEIIHEIO JAaBJEHUA. ¥YCTAHOBJEHO, UTO 3aBHCUMOCTb 3JIEKTPO-
HPOBOAMMOCTH OT JABJEHUSA IPOABIAET NEPKOJANNOHHOe oBeaeHne. O0HAPYKeHbl MeXaHU3-
Mbl HEJIMHEIHOro M3MeHEeHHUA €JEeKTPOIIPOBOAMMOCTH C POCTOM AABJICHM, IPEJJI0MKeHa cXeMa
ansi ux obbsAcHeHus. IloxkasaHo, uTo HcejeqyeMble CHCTEMBI SABJIAIOTCA IIEPCIEKTHBHBIMU
Ibe30PE3NCTUBHBIMIA MaTePUAJAMHU.

BniuB 30BHIiIHBOTO THCKY HA €JEKTPONPOBIIHICTh CHCTEM HA OCHOBI IOJIieTHJIEHOKCH-
Iy Ta ByrJieumeBuX HaHOTpyOox. €.JIucenkos, B.Kaenko.

BukopucroByroun MeTon iMIegaHCHOI CIIEeKTPOCKONII MpoBeLeHO MOCTiIKeHHA 0CODINBOC-
Tell eJIeKTPOIIPOBIZHOCT] cuCTEeM HA OCHOBI IIOJieTHJIEHOKCHIY TAa BYIJEINEeBUX HAHOTPYOOK Yy
3aJIe’KHOCTI BiJ BeJMUMHN 30BHIIIIHBOIO THUCKY. BCTaHOBIEHO, IO 3aJeXKHICTh eJIeKTpPo-
HpPOBiZHOCTI Big THCKY IIpOABIig€ NEePKOJNAINHY IIOBeIXiHKy. BuspBieHo MexaHisMu He-
JiHiliHOl SMiHK eJIeKTPOIPOBiZHOCTI 31 3POCTAHHAM THCKY, 3aIPOIIOHOBAHO CXeMYy [JId IX
nosicuenusa. IlokasaHo, IO cuUCTeMH, HAKI JOCIiMKeHO, € IepPCHeKTUBHUMHU II'€30Pe3UCTUB-
HUMH MaTepiamamu.
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1. Introduction

Electrical conducting polymeric nanocom-
posites are the objects of intensive re-
searches during the last twenty years. Con-
siderable interest in such materials is
caused by their unique properties which
allow to apply nanocomposites in the differ-
ent areas of industry [1]. Conducting fillers
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of different nature are used for creation of
electrically conducting polymernanocompo-
site materials. The most perspective sub-
stances for the nanocomposites creation are
carbon nanotubes (CNT) [2, 3]. The charge
transfer in systems, filled by CNT, is real-
ized through electrical conducting clusters,
which appear from nanotubes and pierce all
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volumes of polymeric matrix [4]. The nano-
composites have the unique electric and
thermodynamics properties due to forma-
tion of percolation clusters from CNT in a
dielectric medium, thus in general percola-
tion threshold observed at the extraordinar-
ily small concentrations of the CNT. The
low percolation thresholds are characterized
not only for the systems based on polymers,
but for nanocomposites based on liquid erys-
tals [5] and liquids [6].

As a result of applying of external me-
chanical tension, conducting net from nano-
tubes can distract, that leads to decrease of
conductivity of the system, or, vice versa, it
can become denser with formation of addi-
tional channels of the charge transfer that
results in the conductivity increase [7].
Flexible nature of the polymeric materials
allows them to carry out very large revers-
ing deformations at the imposition of rela-
tively small tension. Such features of the
electrical conducting polymeric nanocompo-
sites allow to apply them as piezoresistive
materials [8].

Many researches devoted to tension sen-
sors or piezoresistive materials based on the
polymer-CNT systems are known from the
literature. In most of these researches, de-
pendence of electric descriptions from a ten-
sion for the polymeric nanocomposites,
filled by CNT, is studied experimentally [9,
10]. Ramaratnam et al. investigated the
properties of poly(vinylidene fluoride)
(PVDF)-CNT system as dynamic sensors for
vibration control [9]. Introduction of the
CNT in the complement of piezoelectric
PVDF considerably improved its elec-
tromechanics properties. Kang et al. inves-
tigated sensory properties of system based
on poly(methyl methacrylate)-CNT [10]. It
is shown that at small loading of the filler,
the systems show linear dependence of con-
ductivity from tension. However, at some
critical values of the loading, conductivity
decrease with the tension increase, that is
explained by the sliding of bunches from
the nanotubes. Park et al. presented de-
pendences of electric descriptions from the
relative elongation of nanocomposite mate-
rials based on polyethylene oxide (PEO) and
CNT [11]. Investigated polymeric nanocom-
posites were contained 0.56 vol. % (nearby
the percolation threshold) and 1.44 vol. %
(far from the percolation threshold) CNT. It
was shown that the dependences of resis-
tance from elongation have linear and non-
linear areas. Except it, PEO-CNT system
were characterized by the very low percola-
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tion threshold, which lies in the range from
0.1 to 0.5 % [12-14]. Nanocomposites
based on PEO and CNT are perspective ma-
terials for the use as sensors of tension for
the embedded sensory systems in different
objects due to their unique descriptions
which are caused by the change of resis-
tance from the added external loading.

This work is devoted to study of influ-
ence of external pressure on conductivity of
polymeric nanocomposites based on PEO and
CNT, and also the detailed description of
the mechanisms of action of pressure on
forming of the conduct clusters.

2. Experimental

Model nanofilled systems based on poly-
ethylene oxide and carbon nanotubes were
used for research.

Polyethylene oxide (PEO 10000),
HO[-CH,—CH,-O-],H (n = 225) with a mo-
lecular mass of M, = 10000 (Aldrich) was
used as a polymer matrix. At T = 293 K
PEO-10000 is a hard substance and its den-
sity is p, = 1070 kg/m3. It has a melting
point of T, = 335—-338 K. Before using PEO
10000 was dewatered by heating in vacuum
(2 mm) at residual pressure P = 270 Pa and
temperature T = 353-373 K during 5 h.

The multi-walled carbon nanotubes were
prepared from ethylene using chemical
vapor deposition (CVD) method
(TMSpetsmash Ltd., Kyiv, Ukraine) with
FeAlMo as a catalyst [15]. They were fur-
ther treated by alkaline and acidic solutions
and washed by distilled water until reaching
the distilled water pH values in the filtrate.
The typical outer diameter d of CNT was
20-40 nm, their length L ranged from 5 to
10 ym and mean aspect ratio was a =
L/d = 250£170. The specific surface area S
of the powders determined by Ny adsorption
was S = 130+5 m?2/g. The specific electric
conductivity o of the powder of CNT com-
pressed at 15 TPa was about 10 S/ecm along
the axis of compression. The density of the
CNT was assumed to be the same as the
density of pure graphite, p, = 2045 kg/m3.

The composites were obtained by adding
the appropriate weights of filler (CNT) to
PEO 10000 at T = 353 K with subsequent
5 min sonication of the mixture using a
UZDN-2T ultrasonic disperser at frequency
of 22 kHz and the output power of 400 W.
The series of samples with content of CNT
within 0.2-1 wt.% (in further %) were in-
vestigated.
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Fig. 1. Schematic image of the equipment
based on hydrohammer and cell for investiga-
tion of conductivity of polymer nanocompo-
sites under action of high pressure. 1 — Pis-
ton of press; 2 — an external restrictive cyl-
inder; 3 — teflon gasket; 4 — sample; 5 —
electrode; 6 — a presser cylinder.

Investigation of conductivity of polymer
nanocomposites based on PEO and CNT
under the action of external pressure was
done using the equipment based on hydro-
hammer (Fig. 1). The external pressure is
varied in the range of 0.1-150 MPa. The con-
struction of the cell is described in Fig. 1.

The nanocomposites conductivity was
studied using impedance spectroscopy
method on an impedancemeter Z-2000
(Elins, Inc., Russia). A sample was placed
between the cell electrodes, and the real, Z’
and imaginary, Z”, parts of its impedance
were measured. Following the technique de-
scribed in work [16], dc conductivity was de-
termined from the complex impedance de-
pendence, by using the formula 64, = d/SRy,,
where S is the sample area, and d its thick-
ness. The measurements were carried out at
the room temperature in the frequency
range from 1 Hz to 2 MHz.

Each measurement was repeated, at
least, five times for calculation of the mean
values of experimental data.

3. Results and discussion

Fig. 2 presents the dependence of con-
ductivity of the systems based on PEO and
CNT on external pressure. For neat PEO the
conductivity decreases with the pressure in-
crease (Fig. 2, curve I). This fact can be
explained by that at the increase of pres-
sure amorphous areas in semi-crystalline
PEO are considerably made more compact;
here a the free volume decreases in these
areas. As known, the basic type of conduc-
tivity in neat PEO is ionic, and the charge
transfer realizes mainly in amorphous areas
by the hopping mechanism or by the mecha-
nism of free volume [17].
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Fig. 2. Conductivity vs. external pressure for

systems based on PEO, which contain CNT:

1 —0%2—02%;3—04%;4— 0.6 %;

5—08 %;6 —1%.

The dependences of conductivity on pres-
sure (Fig. 2, curves 2—6) show extreme be-
havior. Conductivity grows swiftly, arriving
the maxima at some values of pressure
(P.), and then falls gradually. Hussain et
al. observed such a behavior in the silicon
rubber-carbon black systems [7, 8]. It is ex-
plained, at first, by diminishing the dis-
tance between conductive filler, and then by
the rebuilding of conductive cluster.

The conductivity behavior with the
change of the external pressure of the sys-
tem can be described within the framework
of classic core-shell model. For example,
Mamunya et al. used such approach for de-
scription of the dependence of conductivity
on external pressure for powders of metals,
in which the particle of metal was pre-
sented as a core, and the thin oxide films
with low conductivity on their surface was
presented as shells [19]. This approach can
be adapted for description of processes of
the charge transfer, which take place in the
polymer-CNT systems. The composite con-
ductivity does not depend on pressure, it is
more lower than critical pressure T, when
a non-conducting polymeric layer between
nanotubes is thick enough (more than
10 nm). In this case, the charge transfer
through this layer cannot realize by the
tunneling mechanism which is possible when
the polymeric layer is very thin (about few
nanometers). At achievement of some criti-
cal pressure in the system, the fillers begin
to form the "continuous” clusters that re-
sults in the sharp increase of conductivity.
Such behavior is similar to the percolation
behavior. Using such analogy, for descrip-
tion of the dependence of conductivity from
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Fig. 3. Conductivity vs. external pressure in
the coordinates of Eq. (2) for systems based on
PEO, which contain CNT: I — 0 %; 2 —
0.2%; 3 —04 %; 4 — 06 %; 5 — 0.8 %;
6 — 1 %. Solid line — approximation of Eq. (2).

external pressure for the nanofilled systems
it is possible to use the classic scaling law
[20, 21]:

P(x) < (x - c)y, 1)
where P(x) is the probability of percolation
cluster formation, x is variable argument
(for example, temperature, concentration
and others), x, is percolation threshold, y is
some critical exponent.

Writing the Eq. (1) in the term of inves-
tigating quantities, we will get an equation
for description of the dependence of conduc-
tivity on external pressure for the poly-
meric nanocomposite systems:

G = k(P - P, @)

where k is a constant which depends on
hardness of material and characterizes the
conductivity of the system near the percola-
tion threshold, n is a the critical exponent.
Mamunya et al. used such equation for the
analysis of dependence of conductivity on
pressure for powders of metals [19].

Fig. 8 shows dependences of conductivity
of the systems, filled by CNT, on pressure
in the coordinates of Eq. (2). The parame-
ters of Eq. (2) are gotten using the linear
approximation of the data in Fig. 8 and are
presented in Table. The conclusion from the
results of approximation is that Eq. (2) well
describes experimental data in the range of
pressures from P, to some critical pressure,
P, which are presented in Table and shown
by arrows in Fig. 3 for different concentra-
tions of CNT.
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Fig. 4. Parameters of Eq. (2) vs. CNT content
for the systems based on PEO.

Table. Values of parameters of Eq. (2)

CNT k, 8/cm | P,, MPa n P..,

content, % MPa
0 5.2.1078 0.5 -0.55

0.2 2.3.10~7 1.0 0.09 50

0.4 6.3.10°6 1.2 0.23 50

0.6 1.3.10°% 1.2 0.38 30

0.8 5.4.1079 1.5 0.34 50

1 1.2.1074 2.0 0.51 100

Dependence of parameters of Eq. (2)
from the CNT content is shown in Fig. 4.
Fig. 4 demonstrates, that the values of pa-
rameters £ and n change nonlinear with in-
crease of nanotubes’ content in the system.
In the concentrations range of CNT from
0.15 to 0.45 % there is a considerable in-
crease of the values of parameters k and n.
In the same range of concentration the per-
colation transition is observed for PEO-
10000-CNT system and the percolation
threshold is equal 0.8 % [3]. Thus, parame-
ters of Eq. (2), which are the mediated de-
scription of the material’s hardness, show
the percolation behavior.

The model for explanation of mechanism
of external pressure influence on conductiv-
ity of PEO-CNT system (Fig. 2) is repre-
sented schematically in Fig. 5. The rapid in-
crease of conductivity at small pressures
(less from P,,) can be explained by two basic
factors: by the change of conductivity of
the individual cluster from nanotubes and
by the change of amount of the conducting
clusters [7].

The increase of conductivity of the indi-
vidual cluster takes a place due to the de-
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Fig. 5. Schematic image of pressure effect on the conductive CNT clusters formation.

crease of thickness of the polymeric layer
between CNT to the values of distances
when realization of the tunneling mecha-
nism is possible (Fig. 5, a). The increase in
amount of the conducting clusters takes
place due to the diminishing of intervals
between the separate clusters that allows
clusters to unite and form “continuous”
percolation cluster (Fig. 5, b). The gradual
decrease of conductivity at large pressures
(greater than P,.) it is possible to explain
by destruction or reorientation of the con-
ducting clusters. Under act of the high ex-
ternal pressure, the molecular layers of
polymer compact considerably. When the
pressure of these layers acts on separate
nanotubes, the transverse slippage of aggre-
gates, caused by the external pressure,
leads to the destruction of effective conduc-
tive paths (Fig. 5, c¢). As reported in [7], the
separate aggregates from CNT can also ori-
ent. The critical pressure at which the be-
havior of dependence on conductivity
changes is an important description of crea-
tion of sensors based on polymeric nanocom-
posites, which, actually, determines the
limit of their application. It is shown in
Table that, in general, P, increases with
increase of the CNT content in the system,
however, at the certain CNT concentrations,
it decreases. For the system of silicon rub-
ber-carbon black, P, increases with increase
of the CNT content linearly [7]. For PEO-
CNT system, the nonlinear behavior of P,
with the CNT content increase can be ex-
plained by the presence of percolation tran-
sition in the range of investigated concen-
trations of the filler.

4. Conclusions

The influence of external pressure on
conductivity for the systems based on poly-
ethylene oxide and carbon nanotubes was
studied. It is revealed that the conductivity
of neat PEO decreases with the increase of
pressure. That is related to the decrease of
free volume, which is the base for charge
transfer realization. It is shown that with
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the pressure increase, conductivity of the
nanofilled systems shows the extreme be-
havior: it grows swiftly and arrives the
maxima at some values of pressure, and
then falls gradually. This phenomenon is
explained by three basic factors: the change
of conductivity of the individual cluster
from nanotubes; the change of amount of
conducting clusters and sliding of separate
nanotubes and their perpendicular orienta-
tion to the direction of compression force
action which results in destruction of the
conducting clusters. The scheme, which ex-
plains the extreme change of conductivity
with the increase of pressure, is offered. It
is educed that the sharp increase of conduc-
tivity is observed at the achievement of
some critical pressure in the system. That is
related to forming the "continuous”™ clusters
from the nanotubes. An analogy is con-
ducted between the dependence of conduc-
tivity on external pressure and classic per-
colation behavior of the nanofilled systems.
Such analogy allows to describe dependences
o(P) within the framework of scaling equa-
tion with the high exactness for the prog-
nostication of piezoresistive properties of
the nanocomposite polymeric materials.
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