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Abstract—The measured frequency dependence of the electric impedance of a composite based on ultra-high
molecular weight polyethylene reinforced with carbon nanotubes in contact with an electrolyte is presented.
The behavior of the active and reactive impedance components, permittivity, and conductivity in the fre-
quency range from 0.1 Hz to 120 MHz is analyzed. An equivalent electric circuit simulating the dispersion of
the impedance of the polymer composite making contact with the electrolyte is proposed. The formation of
a double electric layer at the interface between the polymer composite and electrolyte layer is demonstrated
and the electrical characteristics of this layer are determined.
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INTRODUCTION
A polymer composite based on ultra-high molecu-

lar weight polyethylene reinforced with multi-walled
carbon nanotubes (UHMWPE-MWCNTs) is, first of
all, a lightweight, durable, and wear-resistant material
with electric conductivity. The prospects for use of this
composite in different fields of science and technology
stimulate investigations of its structural, mechanical,
and electrical properties. However, considering the high
stability of UHMWPE against hostile environments, it
is interesting to study the polarization and transport of
electric charges at the interface between a composite
and electrolytes. The established regularities of these
processes and their understanding could significantly
broaden the range of application of this composite in
electrical engineering and electrochemistry.

The main feature of UHMWPE-MWCNTs is the
percolation conductivity, in which charge transport in
the bulk of the composite is implemented along con-
ducting chains of contacting nanotubes [1]. The con-
ductivity value depends, first of all, on the volume
fraction of a conducting filler, but another important
factor is the distribution of nanotubes in a dielectric
matrix. The arrangement of nanotubes determines not
only the through conduction of the composite, but
also the mechanisms of electric polarization in the
bulk of the material. Carbon nanotubes characterized
by the high surface energy and entangled spatial struc-
ture are susceptible to the spontaneous formation of

aggregates, which can form random conducting clus-
ters from tens to hundreds of microns in size in the
bulk and on the surface of the polymer [2]. These clus-
ters can be mutually polarized in an electric field and
significantly affect the electrical and dielectric proper-
ties of the material.

The formation of a thin electrolyte layer between
the polymer surface and one of the electrodes can
evoke a sequence of electrochemical phenomena
caused by the formation of a double electric layer at
the electrode surface, diffusion processes, ion adsorp-
tion, etc. [3]. The polarization and transport of carri-
ers at the interface between the UHMWPE-MWCNT
composite and ionic electrolytes have not been studied
yet. In this study, a method for measuring the electric
impedance in a wide frequency band is used to study the
processes of transport and localization of electric
charges in the UHMWPE-MWCNT/electrolyte inter-
face region.

EXPERIMENTAL
There exist different methods for fabricating poly-

mer composites, the most universal of which is mixing
the initial components in a solvent. Due to the f lexible
control of the temperature regimes, this method
makes it possible to obtain both conducting and
dielectric composites. The UHMWPE composites
with 1 wt % of MWCNTs were synthesized using the
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following procedure [4]. The MWCNT powder in
xylene was treated by ultrasound with an intensity of
100 W/cm2 for 30 min to form a uniform suspension.
The UHMWPE powder was poured in the prepared
MWCNT suspension at a temperature from 90 to
130°C and the components were further mixed in an
MPW-309 homogenizer at a rotation speed of
1000 min–1 for 10 min to obtain a visually homoge-
neous state. Temperature is a decisive factor in the for-
mation of the distribution of MWCNTs over the
UHMWPE matrix. At a suspension temperature of
90°C, nanotubes adhere to softened polymer grains,
but only on their surface. This yields a mosaic struc-
ture of contacting nanotubes in the bulk of the poly-
mer. As was shown in [5], such a structure facilitates
the formation of a great number of contacts between
nanotubes, which leads to an increase in conductivity
σ ~ 10–1–10–3 S m–1. At a suspension temperature of
110°C, the UHMWPE particles partly swell and nano-
tubes start penetrating into the UHMWPE grains. The
conductivity of such samples lowers because of their par-
tial isolation by a polymer layer: σ ~ 10–4–10–6 S m–1.
At a suspension temperature of 130°C, the UHMWPE
particles strongly swell and a large amount of nano-
tubes penetrate into the polymer structure and thereby
significantly reduce the conductivity. After filtering
and drying the prepared mixtures, the composite pow-
ders were formed by hot pressing at 6 MPa and 160°C
and used to prepare disk samples for measurements
with a diameter of 16 mm and a thickness of ~1 mm.

To analyze the frequency spectrum of the imped-
ance of the UHMWPE-MWCNT composite contact-
ing an electrolyte, we chose a material with a static
conductivity of σ = 1.4 × 10–4 S m–1 obtained at a
component mixing temperature of 110°C.

The electrical properties of the composites were
determined by measuring the electrical impedance in
the frequency range from 0.1 Hz to 120 MHz. The
impedance spectroscopy method consists in measur-
ing the ac current passing through investigated materi-
als and determining the dispersion of the complex
impedance (impedance absolute value |Z|) and phase
ϕ. Then, real impedance component Z '( f ) = |Z|cosϕ
and imaginary impedance component Z "( f ) = |Z|sinϕ
are calculated. The main goal of the impedance mea-
surements is the search for an equivalent ac electric
circuit the impedance of which would adequately sim-
ulate the experimental impedance spectra of a mate-
rial under study. The individual elements of this circuit
or their combination can then be compared with the
physical features of the conductivity and polarity of
both the composite sample and the interface between
the composite surface and electrolyte.

To measure impedance |Z| and phase ϕ, thin
indium electrodes with a very low transient resistance
were pressed to the end surfaces of the composite sam-
ples. A measuring cell with a sample was connected to
an Elins Z-1500J impedance meter operating in the
TECHNICAL PHYSICS  Vol. 64  No. 9  2019
low-frequency range (0.01 ≤ f ≤ 1 MHz) and then to
the ports of an E5061B spectrum analyzer for imped-
ance measurements at frequencies up to f ~ 120 MHz.
First, the frequency dependence of the impedance
absolute value and phase of the initial composite sam-
ples with indium electrodes pressed against their
opposite ends was recorded on an electronic data stor-
age device. At the next stage, a similar recording of the
impedance and phase absolute values was performed
with an electrolyte-impregnated capacitor paper
inserted between one of the electrodes and the end
sample surface. A 25% aqueous solution of NaCl was
used as an electrolyte. In addition, trial recordings of
the impedance spectra with adding boric acid to the
salt electrolyte were performed and electrolytes of
more complex compositions were tested. All the
impedance spectra obtained were almost identical and
are presented below.

ELECTRICAL CHARACTERISTICS
OF THE COMPOSITE

We investigated a UHMWPE-MWCNT compos-
ite sample obtained at a temperature of t = 110°C of
mixing initial components with a static conductivity of
σ = 1.4 × 10–4 S m–1. The frequency dependence of
the impedance of this sample with indium contacts
was measured in the frequency range from 100 Hz to
120 MHz, since, at lower frequencies, the phase angle
approaches zero and the calculation of the dielectric
characteristics of the sample becomes incorrect. The
obtained spectra of the real (1) and imaginary (2)
components of the sample impedance are shown
in Fig. 1.

It can be seen in Fig. 1 that the initial values of the
real component of impedance Z '( f ) = 3.2 × 104 Ω (1)
is almost frequency-independent, but, as the fre-
quency increases, the impedance decreases to Z =
19 Ω. At a frequency of f = 500 kHz, the imaginary
component of the impedance (2) has a pronounced
relaxation maximum. The inset in Fig. 1 shows an
impedance hodograph built in the Nyquist coordi-
nates (Z "( f ) vs Z '( f )). Each hodograph point corre-
sponds to a certain frequency counted from the right-
hand side of the hodograph. Building the impedance
hodograph helps find a circuit with the impedance
that should approximate the measured impedance
spectrum of the sample over the entire frequency
range. It can be seen that this hodograph has the shape
of a symmetric semicircle with the center near the
Z '( f ) axis. Such a hodograph is usually implemented
in relatively homogeneous materials with constant
resistance R, capacitance C, and relaxation time τ =
RC. However, to ensure a more accurate approxima-
tion of the hodograph and Z '( f ) and Z "( f ) depen-
dences in the equivalent electric circuit shown in
Fig. 1, instead of a capacitor, it is better to use a special
artificial frequency-dependent element designated as
a constant phase element (CPE). This specific ele-
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Fig. 1. Frequency dependences of the real (1) and imagi-
nary (2) components of the impedance of the UHMWPE-
MWCNT composite. Inset: impedance hodograph.
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Fig. 2. Frequency dependences of the real (1) and imagi-
nary (2) parts of the permittivity (3) and conductivity (4) of
the UHMWPE-MWCNT composite with metal elec-
trodes.
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ment considers the nonuniform capacitance and resis-
tance distributions over the volume of the material, is
characterized by both real and imaginary impedance
components, and has form [6]

(1)

where A is the proportionality coefficient, j is the
imaginary unit, and 0 < α < 1 is the exponent that for-
mally characterizes a heterogeneous structure of the
investigated material. The values of this equivalent cir-
cuit were numerically calculated using the EIS Spec-
trum Analyzer program. The determined coefficient
A = 2.7 × 10–11 and exponent α = 0.94 suggest that this
CPE can be compared with the frequency-dependent
capacitance specified by coefficient A and exponent α.
In fact, this capacitance is caused by the accumulation
and relaxation of charges for an electric field half-
period at the boundaries of conducting conglomerates
separated by a polymer layer. These charge accumula-
tions partially screen the external electric field, which
is observed in the experiment as an apparent low-fre-
quency increase in the capacitance and permittivity
according to the Maxwell–Wagner mechanism. The
complex permittivity and conductivity components
are calculated using formulas [7]
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Here, ω is the circular frequency; C0, d, and S are
the geometric capacitance, thickness, and area of the
measuring cell plates; and Y ' and Y '' are the real and
imaginary components of the admittance. For the inves-
tigated sample, the frequency dependences of real (ε')
and imaginary (ε'') parts of the permittivity and real (σ')
and imaginary (σ'') parts of the conductivity calculated
using Eqs. (2) and (3) are shown in Fig. 2.

At a frequency of f = 100 Hz, the real part of the
permittivity (1) attains ε' ≈ 200 and decreases with
increasing frequency to ε' ≈ 4.6. At a frequency of
100 Hz, the imaginary part of the permittivity (2)
attains an enormous value of ε'' = 2 × 104 and, with
increasing frequency, monotonically decreases to ε'' =
0.7–0.9. The growth of the real part of the permittivity
in the low-frequency region is typical of such struc-
tured composites, since electric charges are accumu-
lated in the bulk of the composite at the interfaces
between the conducting and insulating regions. These
charges partially screen the external electric field and
lead to the apparent permittivity growth. As the elec-
tric field frequency increases, the charge accumula-
tion weakens and the permittivity approaches a sta-
tionary value. The growth of the imaginary part of the
permittivity (2) in the low-frequency region is deter-
mined by active conductivity component ε''( f ) =
σ'( f )/(2πfε0) [8], where ε0 is the permittivity of free
space. The frequency dependences of the real and
imaginary parts of the conductivity are shown in
Fig. 2 (3, 4). It can be seen that, up to a frequency of
f ≈ 1 MHz, conductivity value σ'( f) = 1.4 × 10–4 S m–1

is almost frequency-independent, but, with a further
increase in frequency, the conductivity monotonously
growth. The high-frequency growth of the conductiv-
ity is usually explained by the hopping charge trans-
port [9, 10] or the high-frequency relaxation conductiv-
ity caused by the delay of charge transport in an electric
TECHNICAL PHYSICS  Vol. 64  No. 9  2019
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Fig. 3. Frequency dependences of the real (1) and imagi-
nary (2) components of the impedance of the UHMWPE-
MWCNT composite contacting with the electrolyte.
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field within individual clusters [11]. In this case, the
increase in conductivity can be approximated by a power
frequency dependence according to empirical relation
σ'(ω) =  + Kωs with a coefficient of K = 2 × 10–11 and
an exponent of s = 0.92.

ELECTRICAL CHARACTERISTICS
OF THE COMPOSITE MAKING CONTACT 

WITH AN ELECTROLYTE
When an ac voltage is applied to a measuring cell

with an electrolyte layer between the metal electrode
and composite surface, the electric impedance will be
determined, to a great extent, by the polarization and
charge exchange between electrolyte ions and nano-
tube electrons. Since nanotubes are nonuniformly dis-
tributed over the polymer surface, the interface
between the composite and electrolyte can be consid-
ered as a fractal set of contacts of the electrolyte with
nanotubes. If a double electric layer is formed on these
contacts, then it should be highly inhomogeneous, as
the diffusion region adjacent to this layer. Figure 3
shows the measured frequency dependence of the real
and imaginary parts of the impedance of the compos-
ite sample contacting the electrolyte in the frequency
range from 0.1 Hz to 120 MHz.

It can be seen in Fig. 3 that, in the low-frequency
region, the real part of the impedance (1) drastically
increases and the relaxation maximum of the imagi-
nary part of the impedance (2) shifts to a frequency of
f ~ 1 Hz. The shape of the impedance hodograph (inset
in Fig. 3) also strongly changed. At the origin of hodo-
graph coordinates, one can see a small semi-circumfer-
ence arc formed by high-frequency (f ≥ 1 × 105 Hz)
impedance components Z '(f) and Z ''( f ). This arc
reflects mainly the volume characteristics of the poly-
mer composite. The large semi-circumference arc in

σ0'
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the lower-frequency region arises due to the combina-
tion of phenomena at the interface between the com-
posite and the electrolyte. To identify them, the same
figure shows an electric circuit whose impedance well
approximates the experimental spectra and imped-
ance hodograph shown in Fig. 3

The equivalent circuit consists of two series-con-
nected links. One link contains parallel-connected
capacitance C1 and resistance R1 and is intended for
approximating the small semi-circumference arc. The
second link of the circuit simulates the region of the
interface between the electrolyte and the sample sur-
face. This part of the circuit contains capacitance C2 of
the double electric layer, which occurs in an electric
field at the interface between the polymer and electro-
lyte. The kinetics of formation and recharging of this
double layer is controlled, as a rule, by the diffusion of
ions, which levels their concentration in the electro-
lyte volume. To simulate this process, a specific War-
burg element (W) was introduced into the equivalent
circuit [12]. In Fig. 3, this element is located in the
lower circuit of the equivalent circuit with series-con-
nected capacitor C3 and resistance R3. These two ele-
ments consider the additional capacity and resistance
of ions adsorbed on the polymer surface and enhance
the accuracy of approximation of the experimental
data. The frequency dependence of the real and imag-
inary parts of the Warburg element is calculated using
relations

(4)

where WA is the Warburg coefficient (Ω s–0.5). This
behavior of real and imaginary components of the
impedance is caused by the fact that the uniform dou-
ble electric layer forming with a decrease in frequency
increasingly blocks the charge transport to the external
electric circuit and causes the charge accumulation at
the metal electrode. This leads to a proportional
increase in both the real and imaginary components of
the impedance; therefore, the straight hodograph
beam makes an angle of 45° with the coordinate axes.
However, as can be seen in Fig. 3, the straight hodo-
graph portion that forms in the beginning is bent with
a decrease in frequency, which is mainly due to the
stop of the growth of the reactive (capacitive) part of
the impedance. This behavior of the impedance hodo-
graph probably originates from the structural nonuni-
formity of the nanotube distribution over the sample
surface, which disintegrates the double electric layer
and contributes to the charge transport from the elec-
trolyte ions to the external electric circuit. Therefore, to
approximate the bent hodograph beam to the equivalent
circuit shown in Fig. 3, shunt resistor R2 was introduced,
which simulates the current leakage through the double
electric layer. This allows us to approximate the imped-
ance hodograph by the given equivalent circuit with

ω = ω =
ω ω0.5 0.5Re ( ) , Im ( ) ,A A

W W
W WZ Z
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Table 1. Values of the equivalent circuit elements (Fig. 3)

Element Value

R1 75690 Ω
C1 1.37 × 10–11 F
C2 2.80 × 10–10 F
R2 2.0 × 106 Ω
R3 56700 Ω
C3 3.20 × 10–7 F
WA 3.1 × 106 Ω s-0.5
good accuracy. The obtained values of the equivalent
circuit elements are given in Table 1.

Figure 4 shows frequency dependences of the real
and imaginary parts of the permittivity and conductiv-
ity of the UHMWPE-MWCNT structure contacting
the electrolyte calculated from Eqs. (2) and (3).

It can be seen that the electrolyte layer almost did
not change the frequency dependence of the imagi-
nary part of permittivity ε''( f ) (Fig. 4, 2), but real part
ε'( f ) (1) in the low-frequency region increased by
almost two orders of magnitude. This indirectly con-
firms the formation of a double electric layer. In addi-
tion, this is indicated by the behavior of the imaginary
(reactive) part of conductivity σ''( f ) (4), which also
increased at low frequencies proportionally to an
increase in ε'( f ). The real part (3) of conductivity
σ'( f ), which characterizes the through electric current
flow in the electrolyte and composite, remained
almost invariable. This gives us grounds to introduce
shunt resistance R2 into the equivalent electric circuit
shown in Fig. 3.
Fig. 4. Frequency dependences of the real (1) and imagi-
nary (2) parts of the permittivity (3) and conductivity (4) of
the UHMWPE-MWCNT composite contacting with the
electrolyte.
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Formally, the heterogeneous structure of the com-
posite surface and double electric layer can be simu-
lated also by a special CPE, the impedance of which is
calculated using a fractional exponent of the electric
field [13]. This element formally characterizes the
degree of fractality of the electric properties of the
sample surface and double electric layer, which is of
great importance for comparison of the experimental
results obtained for different composite samples.
However, in the attempts of using this element in an
equivalent electric circuit, it is compared, to a greater
extent, with the distributed inductance at the polymer
surface rather than the distributed capacitance of the
double electric layer. This can be explained by the fact
that, at the chaotic distribution of the electric potential
over the composite surface in the region of the electric
double layer, inhomogeneous spatial regions with
mutual overflow may occur. The possible existence of
an inhomogeneous double electric layer in the pres-
ence of a set of ions with different charges in an elec-
trolyte was discussed in [14].

CONCLUSIONS
The concept of a double electric layer forming

between a conducting composite and an electrolyte is
universal and was used in this study to interpret the
measured impedance spectra of the UHMWPE-
MWCNT composite making contact with an electro-
lyte. It was shown that the equivalent electric circuit of
this structure consists of two series-connected links.
The first link describes the polarization and conduc-
tivity of the polymer composite and the second link,
the processes occurring in the double electric layer
and diffusion region. It was shown that the electrically
nonuniform surface structure of the polymer compos-
ite leads to the inhomogeneity of the double electric
layer, which is accompanied by the occurrence of a
through electric current and straight hodograph beam
bending in the low-frequency range.
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