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Abstract—The temperature dependences of the Seebeck coefficient and conductance of the nanocomposite
composed of polyvinylidene fluoride, multi-walled carbon nanotubes, and carbon nanofibers are measured.
It is shown that the thermoelectric properties of the composite are very different from the properties of the
initial carbon filler. In particular, the Seebeck coefficient of the nanocomposite at room temperature is
almost two times higher than the thermoelectric power of the carbon filler.
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INTRODUCTION
In recent years, thermoelectric (TE) materials for

power supplies used in various electronic devices have
been actively studied. The high TE figure of merit is by
no means always a key requirement for these materials.
When creating real energy converters, low cost, envi-
ronmental friendliness, and mechanical strength of
the material are of great importance. Special attention
is paid to the creation of f lexible TE materials for
wearable electronics [1]. These are the properties of
composite materials based on polymers and carbon
nanotubes (CNTs) [2–4]. CNTs exhibit high electri-
cal conductivity, and their Seebeck coefficient values
are comparable in some cases to the thermoelectric
power of typical TE materials [5]. However, the high
thermal conductivity of CNTs substantially limits
their use in TE devices. Polymers have very low ther-
mal conductivity, but their electrical conductivity and
thermoelectric power are low. Composites based on
these two materials demonstrate the benefits of both
components. Therefore, these kinds of composites are
currently being actively developed and are of practical
interest [2–4, 6–16].

Electron transport in composites based on nano-
tubes is largely determined by quantum processes,
such as the tunneling of charge carriers through poten-
tial barriers formed by polymer interlayers. Therefore,
the transport properties of such nanocomposites can-
not be described in the approximation of the effective
medium [17]. In some cases, the thermoelectric power
of the composite is higher than the thermoelectric
power of the polymer and filler [9]. This feature of the
nanocomposite can significantly increase its TE figure
of merit as compared to the figures of merit of the
starting materials.

In this study, polyvinylidene f luoride and the filler
composed of a mixture of multiwalled carbon nano-
tubes (MWCNTs) and carbon nanofibers (CNFs)
were used in the preparation of the composite. Polyvi-
nylidene f luoride (PVDF) is an insulator; therefore,
the TE figures of merit of materials based on it may be
lower than those of the structures based on conducting
polymers [4]. However, the effects leading to an
increase in the thermoelectric power of the material
should be most clearly manifested in the investigated
PVDF/MWCNT–CNF nanocomposite. Measure-
ments of the electrical conductance and Seebeck coef-
ficient of the prepared samples confirmed this
assumption.

MATERIALS AND METHODS
Polymer PVDF, solvent N,N-dimethylformamide,

and carbon filler were used to prepare the nanocom-
posite films. The carbon filler was a powder uniform in
dispersion with a carbon content of at least 98 wt %
(Fig. 1a). It comprised of multi-walled carbon nano-
tubes and nanofibers. Large extended CNFs and indi-
vidual MWCNTs that are part of the filler can be
clearly seen in Fig. 1b. MWCNTs have a diameter of
about 50 nm and a length of about 500 nm. The diam-
eter of CNFs varies in the range from 0.25 to 1 μm, and
their length reaches several micrometers. The filler
used in this study had a bulk density of 0.24 g/cm3 and
a specific surface area of 150 m2/g.

The process of making composite films began with
dissolving PVDF in N,N-dimethylformamide and
subsequent ultrasonic treatment of the solution. The
polymer solution was then mixed with the carbon filler
and sonicated for 30 min. The resulting mixture was
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Fig. 1. (Color online) SEM images of a carbon filler at
magnifications of (a) ×100 and (b) ×45 000. The sizes of
some carbon nanotubes are indicated.
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applied to a glass substrate and placed in an oven for
solvent evaporation. The compound was dried for at
least 2 h at a temperature of 80°C. This time is suffi-
cient to remove the solvent. After drying, the film of
the PVDF/MWCNT–CNF composite was removed
from the substrate.

With an increase in the concentration of CNTs, the
electrical conductivity of the composite increases and
the thermoelectric power decreases [12, 18]. In [18], a
composite that consisted of MWCNTs in porous
PVDF was investigated and it was shown that the TE
figure of merit of the material at room temperature
reaches a maximum with a nanotube concentration of
15 wt %. As was shown in [12], a composite based on
single-walled carbon nanotubes and PVDF has a max-
imum power factor with a nanotube concentration of
5 wt %. In this study, a nanocomposite with a CNT
concentration of 5 wt % was prepared and studied.

The electric conductance and Seebeck coefficient
of the initial carbon filler and PVDF/MWCNT–CNF
composite films were measured in the temperature
NANOB
range of 80–400 K on an original device designed to
measure the TE properties of ultrathin samples of
semiconductor materials.

RESULTS AND DISCUSSION
The transport properties of CNTs depend on their

crystal structure and on the processing and storage
conditions. Even doping with atmospheric oxygen can
change the sign of the Seebeck coefficient [19, 20].
Therefore, to clarify the effect of the polymer on the
electron transport properties of the carbon filler, the
thermoelectric power and electrical conductance of
both the initial filler and the PVDF/MWCNT–CNF
composite prepared on its basis were measured.

The temperature dependences of electrical con-
ductance G and Seebeck coefficient S of the carbon
filler are shown in Fig. 2. Similar dependences are typ-
ical for MWCNTs [20–25]. The finite residual resis-
tance (at T → 0) and the nearly linear temperature
dependence of the thermoelectric power reveal the
metallic conductivity. A small increase in conduc-
tance with an increase in the temperature is explained
by thermally activated hopping and fluctuation-
induced tunneling of charge carriers between the outer
layers of MWCNTs [21–23]. It is worth noting the
change in the sign of the Seebeck coefficient at a tem-
perature of about 100 K. A similar temperature depen-
dence of the thermoelectric power of an ordered
MWCNT array is described in [24]. In addition to a
change in the sign of the Seebeck coefficient, this
dependence is characterized by the presence of a min-
imum at a temperature of about 40 K. A similar extre-
mum is observed in the temperature dependence of
the thermoelectric power of graphite [26, 27]. The
authors of [26, 27] explain these features of the See-
beck coefficient of carbon materials by the phonon
drag of charge carriers. It should be noted that this
interpretation leaves open the question of why the
thermoelectric power of phonon drag in CNTs has a
sign opposite to the diffusion thermoelectric power at
T > 100 K. This effect may be explained by the nega-
tive contribution to the Seebeck coefficient of the
internal unoxidized MWCNT layers [25].

In the PVDF/MWCNT–CNF composite, nano-
tubes are separated by potential barriers formed by
polymer molecules. Therefore, the tunneling of charge
carriers through these barriers should determine the
electron transport properties of the material. The tem-
perature dependence of the conductance of the com-
posite is shown in Fig. 3. In the range of 80–230 K,
this dependence is well described by the model of f luc-
tuation-induced tunneling of charge carriers [28].
Due to the small size of CNTs, the electrical capacities
of the tunnel junctions are very small. Therefore, even
small thermal charge f luctuations cause substantial
changes in the shape of the barrier and the voltage
drop across it. All this leads to an increase in the coef-
ficient of transmission of electrons through the barrier
IOTECHNOLOGY REPORTS  Vol. 16  No. 3  2021
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Fig. 2. (Color online) Temperature dependences of the
Seebeck coefficient and electrical conductance of the ini-
tial carbon filler.
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Fig. 3. (Color online) Temperature dependence of the elec-
trical conductance of the PVDF/MWCNT–CNF nano-
composite. The inset shows the experimental dependence
of  on the temperature (G0 = 140 μS) and
approximating function (1) (solid line).
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and an increase in the electrical conductivity of the
composite. Within the model of f luctuation-induced
tunneling of charge carriers, the temperature depen-
dence of the conductance of the nanocomposite is
described by the following expression [28]:

(1)

where T0 is the temperature below which ordinary
electron tunneling through the barrier prevails, inde-
pendent of the temperature; T1 is the temperature
above which thermally activated hopping of carriers is
the dominant conduction mechanism. It follows from
the above expression that the inverse logarithm of the
G/G0 ratio should be a linear function of the tempera-
ture. This dependence is shown in the inset to Fig. 3.
As can be seen from the inset, the experimental data in
the range of 80–230 K are very well approximated by a
linear dependence with parameters of T0 ≈ 63 K and
T1 ≈ 117 K.

At temperatures above 230 K, a significant scatter
of the experimental points is observed in Fig. 3, which
is apparently associated with the percolation nature of
the conductivity in the obtained samples. The concen-
tration of MWCNTs and carbon fibers in the studied
composite (5 wt %) is close to the percolation thresh-
old [29]. Therefore, the destruction of even one tunnel
junction due to thermal deformations can lead to a
substantial change in the conductance of the entire
sample. An increase in the concentration of CNTs can
increase the stability of transport properties of the
nanocomposite.

The temperature dependence of the Seebeck coef-
ficient of the PVDF/MWCNT–CNF composite is
shown in Fig. 4. It is characterized by an almost two-
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fold increase in thermoelectric power near room tem-
perature in comparison with the value of this parame-
ter in the initial carbon filler (Fig. 2). A similar sub-
stantial increase in the thermoelectric power was
observed in other composites [9, 30]. This effect can-
not be explained within the framework of the classical
theory that uses the approximation of the effective
medium [17], according to which the Seebeck coeffi-
cient of the composite cannot exceed the values of the
corresponding coefficients of the components.
Because of the low thermal conductivity of the poly-
mer in comparison with the thermal conductivity of
CNTs and CNFs, substantial temperature drops occur
at the tunnel junctions. Therefore, tunnel junctions
between CNTs not only determine the electrical con-
ductivity of the composite but have also a substantial
effect on its thermoelectric power. Moreover, poten-
tial barriers between CNTs provide energy filtering of
charge carriers, which increases the Seebeck coeffi-
cient of the composite [14, 31, 32].

It should be noted that the value of the Seebeck
coefficient depends on the concentration of charge
carriers in MWCNTs, which can change during the
synthesis of the nanocomposite. However, a signifi-
cant change in the carrier concentration is unlikely in
this case, since the initial CNTs are not functionalized
and the PVDF polymer does not contain functional
groups capable of forming covalent bonds with nano-
tubes [33].

Given the small values of the Seebeck coefficient,
the investigated material cannot serve, apparently, as a
basis for the creation of TE converters. However, the
available published data on the thermoelectric power
and TE figure of merit of the PVDF/MWCNT com-
 2021
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Fig. 4. Temperature dependence of the Seebeck coefficient
of the PVDF/MWCNT–CNF nanocomposite.
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posite are ambiguous. In [18], the synthesis of a
porous composite of the indicated composition with
anomalously high values of the Seebeck coefficient
~300 μV/K is reported, but no one has succeeded in
repeating these results up to now, as far as is known.
The published values of the thermoelectric power at
room temperature [34–36] are comparable with the
data obtained in this study. The TE figure of merit and
thermoelectric power of the composite can be
increased by using conducting polymers and single-
walled CNTs [2, 4].

CONCLUSIONS

The thermoelectric properties of a nanocomposite
based on polyvinylidene f luoride and the carbon filler
comprised of MWCNTs and CNFs are substantially
different from the properties of the initial components.
By using a nonconducting polymer, it was shown that
tunnel junctions arising between CNTs significantly
change the temperature dependences of the electrical
conductance and the Seebeck coefficient of the com-
posite in comparison with the temperature depen-
dences of the corresponding parameters of the initial
filler. The theory of f luctuation-induced tunneling of
charge carriers describes well the temperature depen-
dence of the conductance of the material under study.
The thermoelectric power of the nanocomposite near
room temperature is almost twice higher than the
thermoelectric power of the filler. Such a significant
increase in the thermoelectric power is most likely
associated with the selective scattering of charge carri-
ers by potential barriers arising between carbon nano-
tubes and nanofibers.
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