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Abstract: Hybrid thermoelectric composites consisting of organic ethylene-octene-copolymer
matrices (EOC) and embedded inorganic pristine and functionalized multiwalled carbon nanotubes,
carbon nanofibers or organic polyaniline and polypyrrole particles were used to form conductive
nanostructures with thermoelectric properties, which at the same time had sufficient strength,
elasticity, and stability. Oxygen doping of carbon nanotubes increased the concentration of carboxyl
and C–O functional groups on the nanotube surfaces and enhanced the thermoelectric power of the
respective composites by up to 150%. A thermocouple assembled from EOC composites generated
electric current by heat supplied with a mere short touch of the finger. A practical application of this
thermocouple was provided by a self-powered vapor sensor, for operation of which an electric current
in the range of microvolts sufficed, and was readily induced by (waste) heat. The heat-induced energy
ensured the functioning of this novel sensor device, which converted chemical signals elicited by the
presence of heptane vapors to the electrical domain through the resistance changes of the comprising
EOC composites.

Keywords: ethylene-octene-copolymer; carbon nanotubes; carbon fibers; polyaniline; polypyrrole;
thermoelectric composites

1. Introduction

Thermoelectric conductive polymer composites convert thermal energy into electricity when there
is a difference in temperatures between the hot and cold junctions of such two dissimilar conductive
or semiconductive composites. The conversion is based on a phenomenon called the Seebeck effect.
The heat supplied at the hot junction (hot side) of the thermoelectrics causes a flow of electric current
to the cold side that can be harnessed as useful voltage.

The classical thermoelectrics are made from inorganic materials such as metals (Al, Cu, Ni),
metallic alloys (chromel, alumel) and semiconductors (PbT, Bi2Te3), which are thermoelectrically
efficient, but at the same time expensive, heavy, and some of them materially in short supply.
Consequently, alternative organic thermoelectrics are being developed. These organic thermoelectrics
do not produce as much energy as the metal ones. The thermoelectric figure of merit is typically
only in the range 0.001–0.01 at room temperature. However, the mechanical flexibility, processability,
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light weight, and low manufacturing costs are attractive features for potential applications for electricity
microgeneration e.g., in sensors and electronics.

Petsagkourakis et al. [1] thoroughly reviewed principles and advances in the development of
those thermoelectric materials. The electronic properties of the conductive (conjugated) polymers are
based on their macromolecular structure and morphology, since they affect the electronic conditions,
and therefore the charge transport and the thermoelectric properties. Such conductive polymers
have been used mostly for thermoelectric generators and temperature sensors. Hybridizing of such
polymers with inorganic thermoelectric materials is another way to enhance their thermoelectric
performance. Such hybrids have low thermal conductivity, which is advantageous in energy harvesting.
Among others, metals, Bi2Te3 or carbon nanoparticles have been used as the inorganic portions of
such composites.

Polyaniline (PANI) and polypyrrole (PPy) are two of the most studied conductive polymers
owing to their easy and low-cost synthesis, good environmental stability, and simple doping/dedoping
processes based on acid–base reactions [2,3]. The PANI conductivity apparently depends on its
ability to form polarons, cation radicals [4]. The four double bonds constituting the quinonediimine
unit in PANI emeraldine salt convert to three double bonds in a benzene ring and two unpaired
electrons, which act as charge carriers. The polarons can eventually spread over the polymer chain to
produce a polaron lattice. The polymerization condition has an important effect on the final electrical
properties (the conductivity and dielectric loss) of conductive polymers. In the case of PANI, the most
used synthesis is the polymerization initiated by an addition of an oxidant, generally ammonium
persulfate. This synthetic route leads to the conductive emeraldine salt of PANI, which is formed
by the head-to-tail coupling of the monomers. Various fillers such as Ag nanoparticles [5], Bi2Se3

nanoplates [6], or thermally reduced graphene [7] can be embedded to improve the properties of PANI.
The thermoelectric properties of PPy may be improved by a controlled synthesis of various

nanostructures [8]. Nanotubular-type PPy are synthetized through a chemical polymerization route
and treated with various dopants such as hydrochloric acid, p-toluenesulfonic acid monohydrate
or tetrabutylammonium hexafluorophosphate, which affect its electrical and thermal properties [9].
Also hybrid PPy thermoelectrics have been prepared such as the PPy nanowire/graphene composite [10],
the PPy/multiwalled carbon nanotube composite [11], the PPy/Ag nanocomposite film [12], or the
PPy/graphene/PANI nanocomposite with a high thermoelectric power factor [13].

Thanks to the content of oxygen functional groups on their surfaces, the multiwalled carbon
nanotubes (MWCNTs) and the carbon nanofibers (CNFs) embedded into ethylene-octene-copolymer
(EOC) may affect its thermoelectric power [14]. Besides the oxygen groups, thermoelectric properties
of carbon nanotubes can be changed by doping with many other electron donors [15].

Waste heat dissipated from homoiothermic human bodies can be readily used as the source of
electrical power for polymer thermoelectrics, which can be used as unobtrusive low cost self-powered
sensors and integrated devices for biometric monitoring [16]. Similarly, thermoelectric self-powered
temperature sensors based on Te nanowire/poly(3-hexyl thiophene) polymer composite are described
in [17]. Alternatively, such thermoelectrics can be used also as a wearable energy harvester turning
radiated human body heat into a source of electric energy. The current research progress on flexible
thermoelectric devices and conducting polymer thermoelectric materials is reviewed in [18].

In this paper, hybrid thermoelectrics consisting of EOC matrices and embedded pristine or
functionalized MWCNTs, carbon nanofibers, and organic PANI and PPy particles were used to form
conductive nanostructures with thermoelectric properties, which at the same time had sufficient
strength, elasticity, and stability. Their thermoelectric power was measured and discussed in the light
of the oxygen content of their inorganic fillers. A practical application of the prepared thermoelectric
composites for electricity microgeneration for a self-powered temperature signaling sensor and a
self-powered vapor sensor was introduced.
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2. Materials and Methods

Purified MWCNTs produced by a chemical vapor deposition of acetylene were supplied by Sun
Nanotech Co. Ltd., Jiangxi, China. According to the supplier, the nanotube diameter is 10–30 nm,
the length 1–10 µm, the purity ~90% and the volume resistivity 0.12 Ωcm. The diameter of individual
nanotubes is between 10 and 60 nm (100 measurements) at the average diameter and the standard
deviation is 15 ± 6 nm. The nanotube length is from about 0.2 µm up to 3 µm. They consist of 15 to
35 rolled layers of graphene at the interlayer distance of ca 0.35 nm [19]. The pristine nanotubes are
denoted further on as MWCNT(Sun)s.

MWCNTs (BAYTUBES C70 P) were supplied by Bayer MaterialScience AG, Leverkusen, Germany.
The nanotube purity is >95 wt %, outer mean diameter ~13 nm, inner mean diameter ~4 nm,
length > 1 µm and declared bulk density of MWCNT of agglomerates of micrometric size 45–95 kg/m3.
The pristine nanotubes are denoted further on as MWCNT(Bayer)s.

The carbon nanofibers (CNFs) with trade name VGCF® (Vapor Grown Carbon Fibers) were
supplied by Showa Denko K.K., Tokyo, Japan. The fiber diameter was 150 nm, length 10 µm and
electrical resistivity 0.012 Ωcm.

The oxygenated MWCNTs were prepared in a glass reactor with a reflux condenser filled
with 250 mL of 0.5 M H2SO4, into which 5 g KMnO4 and 2 g MWCNTs were added. Then the
dispersion was sonicated at 85 ◦C for 15 h using a thermostatic ultrasonic bath (Bandelin electronic
DT 103H, Merck spol. s r. o., Prague, Czech Republic). Thereafter, the product was filtered, washed
with concentrated HCl to remove MnO2, thoroughly rinsed with deionized water and dried [19].
Alternatively, the MWCNTs were oxygenated by HNO3 as follows: 2 g of the MWCNTs were added
to 250 mL of HNO3 (concentrated) and heated at 140 ◦C for 2 h. After that, the dispersion was
cooled and filtered. The sediment was washed by deionized water and dried at 40 ◦C for 24 h.
The corresponding oxygenated MWCNTs are denoted MWCNT(Sun)H2SO4 or MWCNT(Sun)HNO3

and MWCNT(Bayer)H2SO4 or MWCNT(Sun)HNO3.
For preparing PANI emeraldine salt, 0.2 M aniline hydrochloride was mixed with 0.25 M

ammonium persulfate (APS) in water, briefly stirred, and left to polymerize for 24 h at room
temperature. Then the PANI precipitate was collected on a filter and washed with 0.2 M HCl and
acetone. Polyaniline emeraldine particles were in turn dried in air and then under vacuum at 60 ◦C for
24 h [20].

Pyrrole monomer (Py, purity ≥ 98%, Sigma–Aldrich Inc., St. Louis, MO, USA) was distilled
twice under reduced pressure and stored below 4 ◦C. Polypyrrole particles were prepared via in situ
polymerization of the precooled Py in a system containing surfactant CTAB. The precooled initiator
APS was added into the system dropwise and the polymerization was allowed to proceed with stirring
for 2 h at 0–5 ◦C. After being washed with water and ethanol, the PPy powder was dried in air and
then under vacuum at 60 ◦C for 24 h. After drying, both types of polymers were gently ground with
mortar and pestle.

The reagents APS (purity = 98%) and HCl (concentration ≈ 35%) were purchased from Sigma–
Aldrich Inc., St. Louis, MO, USA. The aniline hydrochloride (purity ≥ 99%) was purchased from
Fluka, Buchs, Switzerland, cetyltrimethylammonium bromide (CTAB, purity = 98%) from Lach–Ner
Ltd., Neratovice, Czech Republic, acetone and ethanol from Penta Ltd., Chrudim, Czech Republic.
The reagents were used without further purification.

The carbon allotrope/EOC composites were prepared by an ultrasonication of dispersions of
MWCNTs or CNFs in EOC/toluene solution (5% of EOC in toluene). The chosen concentration of the
filler in the composites was 30 wt %, which was well above the percolation threshold. The ultrasonication
of the dispersion was done in the thermostatic ultrasonic bath (Bandelin electronic DT 103H, Merck
spol. s r. o., Prague, Czech Republic) for 3 h at 80 ◦C. Then the dispersion was poured into acetone to
form a precipitate. The final composite sheets were prepared by compression molding at 100 ◦C [14].
The organic PANI (PPy)/EOC composites were prepared in the same way as the carbon allotrope
composites except for filler concentration, which was 70 wt %.
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MWCNTs were analyzed by means of transmission electron microscopy (TEM) using the
microscope JEOL JEM 2010 (Jeol Ltd., Freising, Germany) at an accelerating voltage of 160 kV.
The sample, the MWCNT dispersion in acetone prepared by ultrasonication, was deposited on a
300 mesh copper grid with a carbon film (SPI, Washington, DC, USA) and dried. The structure of CNFs
was observed by means of a scanning electron microscope (SEM) Nova NanoSEM 450, FEI, Lincoln, NE,
USA, at operating voltage 10 kV. The sample, CNF dispersion in acetone prepared by ultrasonication,
was deposited on carbon targets and covered with a thin Au/Pd layer. For the observations, a regime
of secondary electrons was used. The same scanning electron microscope was used to observe the
morphology of PANI emeraldine salt and of PPy particles.

The X-ray photoelectron spectroscopy (XPS) signals were measured to obtain information
on functional groups attached onto the nanotube surfaces. The XPS signals from MWCNT(Sun),
MWCNT(Sun)KMnO4 and MWCNT(Sun)HNO3 network surfaces were recorded using the Thermo
Scientific K-Alpha System TFA XPS (Physical Electronics Instrument, Chanhassen, MN, USA) equipped
with a micro-focused, monochromatic A1 Ka X-ray source (1486.6 eV). An X-ray beam of 400 µm
size was used at 6 mA × 12 kV [21]. The spectra were acquired in the constant analyzer energy
mode with pass energy of 200 eV for the survey. Narrow regions were collected using the snapshot
acquisition mode (150 eV pass energy) enabling rapid collection of data (5 s per region). The narrow
region data were as post-processed using the Jansson’s algorithm to remove the analyzer point spread
function, which resulted in an improved resolution of the spectra for the peak deconvolution [22].
The concentration of elements was determined from survey spectra by MultiPak v7.3.1 software
(Physical Electronics Inc., Chanhassen, MN, USA).

Fourier-transform infrared (FTIR) analyses of MWCNTs, MWCNT(KMnO4)s and MWCNT(HNO3)s
were performed on the FTIR spectrometer Nicolet 6700 (Thermo Scientific, Waltham, MA, USA).
The transmission accessory was used for pristine MWCNT(Sun)s, MWCNT(Sun)KMnO4 and
MWCNT(Sun)HNO3 samples in powder form prepared by potassium bromide. FTIR analyses of
chemical composition of PANI emeraldine and PPy particles were examined by the above mentioned
FTIR spectrometer Nicolet 6700 using the attenuated total reflectance technique with a germanium
crystal in the range 600–4000 cm−1 at 64 scans per spectrum at 2 cm−1 resolution.

The Hall coefficient, the resistivity, and the conductivity of the samples as well as the charge
mobility and the charge carrier concentration were measured by means of the HCS 1 apparatus (Linseis
Messgeräte GmbH, Selb, Germany) equipped with static 0.7 T field permanent magnets for bipolar
measurement. The disc form samples had diameter 20 mm and thickness 2.65 mm. The sample current
was set to 4 mA. The thermoelectric power measurement was carried out for all the samples using
the set-up illustrated in Figure 1. The schematic diagram shows that the circular composite sample
(diameter 20 mm, thickness 2 mm) was placed between two copper electrodes. The ends of each
of the Cu electrodes were immersed in thermostatic silicone oil baths set at different temperatures.
The temperature at the copper/composite interfaces was measured by a Pt100 temperature sensor.
The arising thermoelectric current was measured by the Keithley 2000 Digital Multimeter (Tektronix,
Inc. Beaverton, OR, USA).
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Figure 1. A schematic illustration of the set up for the measurement of electric voltage generated
between the hot and cold ends of the Cu/composite/Cu thermoelectric device as a response to a
temperature difference.
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3. Results

3.1. Characterization of Fillers and Composites

The detailed view of individual pristine MWCNT(Bayer)s, their clusters as well as clusters of
the oxidized MWCNT(Bayer)KMnO4 as obtained by the TEM are shown in Figure 2. The wall of the
MWCNT(Bayer) consisted of about 15 rolled layers of graphene. The nanotube outer and inner diameter
was about 20 nm and 4–10 nm, respectively. There were also defects obstructing nanotube interiors,
which were commonly seen in the MWCNT structures. When a cluster of pristine MWCNT(Sun)s
was compared with a cluster of wet oxidized nanotubes, a difference in the tube length was visible.
The oxidation of MWCNT(Sun)s by KMnO4 caused shortening of the nanotubes, creation of defect
sites, and opened ends. A small amount of amorphous carbon after the KMnO4 oxidation process
can be also expected [23], although another report showed that oxygenation by KMnO4 in an acidic
suspension provides nanotubes free of amorphous carbon [24].
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Figure 2. The upper set: Transmission electron microscopy micrographs of MWCNT(Sun)s. (a) The
structure of an individual pristine nanotube, (b) the detail of a nanotube crossing, (c) the cluster
of pristine nanotubes. The lower set: TEM micrographs of MWCNT(Bayer)s. (d) The structure of
an individual pristine nanotube, (e) the cluster of pristine nanotubes, (f) the cluster of oxidized
MWCNT(Bayer)KMnO4.

The micrographs of the surfaces of filler layers—PANI and PPy particles as well as MWCNTs and
CNFs—are shown in Figure 3. The layers were formed from the respective aqueous dispersion of the
fillers on the surface of the interdigitated electrode by the drop method. The particles were globular
with a diameter 0.5–1 µm and the PPy particles had narrower size distribution.

The networks of CNFs, MWCNT(Sun)s and MWCNT(Bayer)s resulted from the filtration of their
dispersions through non-woven polyurethane membranes. The dispersion, which consisted of CNFs
(0.8 mg), or the same amount of nanotubes, dispersed in 530 mL of water with 15.4 g of the surfactant
(sodium dodecyl sulphate) and 8.5 mL of the co-surfactant (1-pentanol), was properly sonicated and
the pH adjusted to 10 using an aqueous solution of NaOH. The filtrate layer was washed in situ several
times with deionized water and finally with methanol.

The cross-section of the composites presented in Figure 4 showed a uniform distribution of the
MWCNT(Sun) and CNF filler in the EOC matrix, which together with the filler concentration 30%
ensured the electrical and thermal conductivity of the composites.
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composites. The respective composites are denoted in the images.

3.2. XPS Data

The main binding energy peak (284.5 eV) in the XPS spectra of pristine MWCNT(Sun)s, Figure 5,
was assigned to the C1s-sp2, while the other ones were assigned to the C–O (286.2 eV), C=O (287.1 eV),
O–C=O (288.6–289 eV) and C1s-π-π* (291.1–291.5 eV). After the oxidation treatment, the intensities of
the peaks corresponding to the oxidized carbon bonds increased as seen in Figure 5. FTIR data of the
MWCNTs also confirmed the presence of the C–O, C=O and O–C=O functional groups on their surfaces.
It is also stated in other studies that MWCNTs treated with (NH4)2S2O8, H2O2, or O3 have higher
concentrations of carbonyl and hydroxyl functional groups, while more aggressive oxidants (HNO3,
KMnO4) form higher fractional concentrations of carboxyl groups [25]. Acidic potassium permanganate
(KMnO4) is a strong oxidizing agent and produces more surface acidic groups than nitric acid [26].
The increase number of oxygenated functional groups attached on MWCNT(Sun)KMnO4 surfaces
significantly increases the contact resistance in the MWCNT junctions of the network structure [27].
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3.3. FTIR Measurements

Table 1 and Figure 6 present the frequencies of some of the functional groups in the FTIR
spectra of MWCNT networks. FTIR spectra in Figure 6 from MWCNTs showed a broad peak about
3430 cm−1 which was characteristic of the O–H stretch of hydroxyl group. C–H stretching of the
pristine MWCNT(Sun) sample was shifted to lower wavelengths for all oxidation treatments. A weak
C=O peak at 1705 cm−1, Figure 6, was observed in the pristine MWCNT(Sun) sample, which showed
that there was a carbonyl or carboxylic group on its surface. The reason why the pristine MWCNT(Sun)
sample had carbonyl and OH groups could be a partial oxidation of the surfaces of MWCNTs during
the purification by the manufacturer [28]. A higher shift in the carbonyl stretching mode was seen
for MWCNT(HNO3) than for MWCNT(KMnO4). The reason could be a C=O group or other groups
that interacted with the C=O group. FTIR spectra in Figure 6 also indicated that there were probably
no anhydride/lactone groups on the surfaces of MWCNTs since these groups are usually observed at
around 1750 cm−1 or higher wavenumber [26,29,30].

Table 1. Summary of FTIR measurements for the pristine and oxidized MWCNT networks.

Wavenumber (cm−1)

Possible Assignments MWCNT
MWCNT MWCNT
(HNO3) (KMnO4)

OH stretch 3435 3428 3427
C–H stretch (CH2, CH3) 2908,2840 2980,2880 2978,2890

C=O stretch (carboxyl or ketone) 1705 1726 1710
Intermediate

oxidized products—quinone groups 1652 1661,1635 1641

C=C stretch 1559 1580 1569
CH2/CH3 bending 1460 1437 1440

Skeletal C-C
tangential motions

+C–O stretch
1222 1184 1190

C–O stretch 1082 1084,1049 1087,1046

The peak assigned to the quinone group at 1652 cm−1 in MWCNT(pristine) sample was usually
shifted to a higher wavelength in oxidized MWCNTs. Coupling effects (i.e., both of inter-molecular and
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intra-molecular hydrogen bonding with hydroxyl groups) also might be responsible for the downshift
in the C=O stretching mode, besides the production of surface-bound quinone groups with extended
conjugation [31].

The up-shift in the C=C stretching mode of MWCNTs was observed for both oxidized carbon
nanotubes. The highest shift was observed for MWCNT(HNO3) compared to MWCNT(KMnO4).
This treatment suggested a change in the structure of the MWCNTs [32].

The C–H (CH2/CH3) bending at 1460 cm−1 and the peak at 1222 cm−1 for the MWCNT(pristine)
sample were shifted to a higher wavelength for all oxidized MWCNTs. There was also observed a
new band around 1050 cm−1 in the FTIR spectra of oxidized MWCNTs, which could be assigned to
the alcoholic C–O stretching vibration [33]. Overall, the observed changes in the FTIR spectra of the
oxidized MWCNTs confirmed the efficiency of the oxidizing process and the formation of the new
oxygen-containing functional groups on the surfaces of the carbon nanotubes.
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FTIR analysis was also carried out to identify whether the prepared powder was indeed PANI
emeraldine or PPy (Figure 7). For the FTIR absorption spectroscopy of the prepared PANI emeraldine,
the vibration at 1578 cm−1 was attributed to the quinoid ring, while the vibration at 1489 cm−1 depicted
the presence of a benzoid ring unit [34]. The peak at 1306 cm−1 is assigned to the C–N stretching of a
secondary aromatic amine. Furthermore, the peak characteristic for the electrically conductive form of
PANI emeraldine was observed at 1245 cm−1. This peak was attributed to the stretching of the C–N+•

polaron structure [35]. The peak at 1160 cm−1 corresponding to the vibrations associated with the C–H
of N=Q=N (Q = quinoid ring) also appeared in the spectrum of PANI emeraldine. The band between
913–680 cm−1 with a maximum at 823 cm−1 was characteristic for an aromatic ring deformation and
C–H bond vibrations out of the plane of the ring [36]. These results suggested that the synthesized
particles were PANI in the emeraldine state. For the FTIR spectroscopy of the prepared PPy, all the
characteristic peaks were in good agreement with the earlier investigations of the same product [37,38].
The vibration peak at 1704 cm−1 was assigned to the C=N bond. Peaks at 1550 and 1477 cm−1 attributed
to the in-plane vibrations of the PPy ring, and the peaks at 1178, 1037 and 783 cm−1 attributed to the
in-plane bending of the PPy ring were also observed. Finally, the characteristic peak at 900 cm−1 was
assigned to the out-of-plane vibration of the Cβ–H group.
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The experimental test of the electric transport properties of the MWCNT(Sun)pristine/EOC
composite at room temperature specified the following values: the sample resistance 0.87 Ω,
the resistivity 0.23 Ωcm, the conductivity 4.3 Ω−1cm−1 and the magneto-resistance 0.249 mΩ. Further
determined properties were the Hall-mobility 7.2 cm2/Vs, the charge carrier concentration (bulk)
3.7 × 1018 cm−3 and the average Hall coefficient +1.67 cm3/C. The positive sign of the Hall coefficient
identified the nature of the composite, i.e., the p-type of drift current when the holes are the dominant
current carriers.

3.4. Thermoelectric Power Measurement

Values of induced voltage in response to a temperature difference across the measured samples of
the investigated thermoelectric composites are presented in Figure 8. The slope of the linear dependence
of the resulting voltage VTEV on the temperature difference ∆T defined the thermoelectric power
(Seebeck coefficient):

S = (VTEV/∆T)open circuit

which evaluated a potential thermoelectric performance. The corresponding thermoelectric power
values are summarized in Figure 9. The thermoelectric power of MWCNT/EOC composites was
substantially enhanced by the nanotube oxygenation. When compared to the composite with pristine
nanotubes (MWCNT(Bayer)pristine/EOC), the respective composite with oxygenated nanotubes
achieved a 150% increase of thermoelectric power.

The X-ray photoelectron spectroscopy (XPS) was performed on MWCNTs to ascertain the
functional groups attached onto the nanotube surfaces. The oxygen contents (%) of the pristine and
oxidized MWCNT samples, as calculated from the XPS spectra, are shown in Figure 9. The comparison
of results indicated that all MWCNTs have C–O, C=O and O–C=O groups on their surfaces and that
MWCNT(HNO3)s have the maximum percentage of all the oxygen-containing groups. Moreover,
the more oxygenated functional groups at the surface of the embedded MWCNTs, the higher the
generated electric voltage and the thermoelectric power of the EOC composite as follows from the
results in Figure 9. According to the published results on carbon nanotube/thermoplastic polymer
composites, positive thermoelectric powers have always been determined [39].
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3.5. Self-Powered Signaling Sensor of Temperature Change

To demonstrate a possible use of the conductive MWCNT/EOC composites as thermoelectrical
materials, a self-powered signaling sensor of temperature change was assembled. The sensor
consisted of three conductive strips (thermoelements): one MWCNT(Sun)pristine/EOC and two
MWCNT(Sun)KMnO4/EOC composites, Figure 10. The sticky strips were stuck on a PET foil so that the
ends overlapped at points A and B. The temperature signal was induced by a finger touch at point A
or B, which in turn heated the connection of the strips. The generated electricity was monitored by the
Multiplex datalogger 34980A. Even a temperature gradient induced by a mere short touch of a finger
sufficed to elicit a detectable signal. The illustrative record of repeated finger touches is presented
in Figure 11. Heat transfer from the finger to the hot junction of the sensor modeled a technological
situation when such a sensor could monitor for example changes in the generation of waste heat,
changes of technological temperature, warming of packaged grocery products, etc.
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Figure 11. The illustrative time-dependent record of induced voltage in the self-powered signaling
sensor by short finger touching at the point A (the finger touch is denoted by open red circles and the
finger lift by filled red circles) or at the point B (the finger touch is denoted by open blue triangles and
the finger lift by filled blue triangles) of the sensor.

3.6. Self-Powered Vapor Sensor

The induced voltage in the self-powered sensor (Figure 10) was changed not only by heating,
but also by ambient organic vapors, Figure 12. As in our paper [14], the self-powered sensor was
exposed to saturated organic solvent vapors. In particular, the sensor was placed in a glass bell,
which enclosed a layer of liquid organic solvent and its respective saturated vapor. After a chosen
time, the sensor was removed from the bell and the effect of vapor desorption on induced voltage
was assessed. Such measurements were conducted in saturated vapors at atmospheric pressure,
temperature 22 ◦C, and relative humidity 60%. The temperature gradient in the sensor was induced
by means of the resistive heating of the MWCNT network/epoxy composite unit placed under the
thermoelement junction. The heating DC voltage was 13 V and the current 0.09 A. The temperature of
the hot end was 40.6 ◦C and of the cold end ambient room temperature.

The variations of the voltage of the self-powered sensor were caused by the changes of the
electric resistance of the forming EOC composites through the chemical signals during the respective
adsorption/desorption cycles as is illustrated in Figure 9. When the sensor was subjected to heptane,
a larger increase of relative resistance resulted in a larger decrease of induced voltage and vice versa.
Thus, the sensor output in terms of variation of voltage indicated a good response to the vapor
occurrence. Moreover, considering that the sensor did not require a power supply, but it self-produced
thermoelectricity from a heat source, which could be waste heat of industrial processes, solar energy,
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or body heat, etc., then the self-powered vapor sensor appears to be an advantageous alternative to
powered vapor sensors. The illustrative thermoelement resistance changes plotted in Figure 10 were
quantified by the relative resistance change,

S =
Rg −Ra

Ra
=

∆R
Ra

where Ra represented the initial thermoelement resistance in the air, Rg the resistance when the
thermoelement was exposed to a vapor, and ∆R denoted the measured resistance change.

Polymers 2020, 12, x FOR PEER REVIEW 12 of 14 

alternative to powered vapor sensors. The illustrative thermoelement resistance changes plotted in 
Figure 10 were quantified by the relative resistance change,  

aa

ag

R
ΔR

R
RR

S =
−

=   

where Ra represented the initial thermoelement resistance in the air, Rg the resistance when the 
thermoelement was exposed to a vapor, and ΔR denoted the measured resistance change. 

 

Figure 12. The time-dependent relative resistance change of the MWCNT(Sun)pristine/EOC 
composite (in %) during adsorption/desorption cycles of exposition to saturated vapors of heptane at 
22 °C, the cycle length 600 s. The changes of the thermogenerated voltage induced by the self-powered 
vapor sensor in the course of three heptane adsorption and desorption cycles at 22 °C. 

4. Discussion 

This study presents hybrid thermoelectric composites consisting of organic EOC matrices and 
embedded conductive inorganic pristine and functionalized multiwalled carbon nanotubes, carbon 
nanofibers or conductive organic PANI and PPy particles. All these composites induced voltage in 
response to a temperature difference across the respective samples. This response was affected in the 
case of the composites with inorganic MWCNT nanostructures by the amount of oxygen containing 
functional groups attached to their surfaces. The more oxygenated were the functional groups at the 
surfaces of the embedded MWCNTs, the higher was the thermoelectric power of that EOC composite. 

According to the published results about carbon nanotube/thermoplastic polymer composites, 
positive thermoelectric powers have always been determined indicating p-type composites, in which 
holes are dominant current carriers. The composites with embedded organic PANI a PPy particles 
induce compensating negative voltage. According to [38], the composites exhibit n-type conductivity 
specified by dominating electrons as charge carriers. 

The chosen combination of the two p-type EOC composites in the experimental thermoelectric 
microgenerator, which generated sufficient electric current to make the sensors self-powered, was 
one of many other possible combinations. Other combinations such as p-type together with n-type 
thermoelements or two n-type EOC composites could have been chosen as well. An illustration of 
the practical use of the EOC composites as a thermoelectric generator was provided by the self-
powered signaling sensor of temperature change and the self-powered vapor sensor. The voltage 
induced in the sensors, which was in the range of microvolts, did not approach by far the magnitude 
of induced voltage in the classical metal thermocouples, yet it was sufficient to power the novel 
sensor device, which converted chemical signals to electric ones. In the self-powered vapor sensor, 
the resistance varied according to the ambient chemical signals and changed the voltage induced by 
a source of (waste) heat. The EOC thermoelectric composites thus offer a novel and unique set of 
properties, which are not readily available in any other material. 
  

Figure 12. The time-dependent relative resistance change of the MWCNT(Sun)pristine/EOC composite
(in %) during adsorption/desorption cycles of exposition to saturated vapors of heptane at 22 ◦C,
the cycle length 600 s. The changes of the thermogenerated voltage induced by the self-powered vapor
sensor in the course of three heptane adsorption and desorption cycles at 22 ◦C.

4. Discussion and Conclusions

This study presents hybrid thermoelectric composites consisting of organic EOC matrices and
embedded conductive inorganic pristine and functionalized multiwalled carbon nanotubes, carbon
nanofibers or conductive organic PANI and PPy particles. All these composites induced voltage in
response to a temperature difference across the respective samples. This response was affected in the
case of the composites with inorganic MWCNT nanostructures by the amount of oxygen containing
functional groups attached to their surfaces. The more oxygenated were the functional groups at the
surfaces of the embedded MWCNTs, the higher was the thermoelectric power of that EOC composite.

According to the published results about carbon nanotube/thermoplastic polymer composites,
positive thermoelectric powers have always been determined indicating p-type composites, in which
holes are dominant current carriers. The composites with embedded organic PANI a PPy particles
induce compensating negative voltage. According to [38], the composites exhibit n-type conductivity
specified by dominating electrons as charge carriers.

The chosen combination of the two p-type EOC composites in the experimental thermoelectric
microgenerator, which generated sufficient electric current to make the sensors self-powered, was one
of many other possible combinations. Other combinations such as p-type together with n-type
thermoelements or two n-type EOC composites could have been chosen as well. An illustration of the
practical use of the EOC composites as a thermoelectric generator was provided by the self-powered
signaling sensor of temperature change and the self-powered vapor sensor. The voltage induced in
the sensors, which was in the range of microvolts, did not approach by far the magnitude of induced
voltage in the classical metal thermocouples, yet it was sufficient to power the novel sensor device,
which converted chemical signals to electric ones. In the self-powered vapor sensor, the resistance
varied according to the ambient chemical signals and changed the voltage induced by a source of
(waste) heat. The EOC thermoelectric composites thus offer a novel and unique set of properties,
which are not readily available in any other material.



Polymers 2020, 12, 1316 13 of 14

Author Contributions: Data curation, R.O.; Investigation, P.S. and M.S.; Writing—original draft, P.R. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work was supported by the Operational Program Research and Development for
Innovations co-funded by the European Regional Development Fund (ERDF), the Operational Program Education
for Competitiveness co-funded by the European Social Fund (ESF), the National Budget of the Czech Republic
within the framework of the Centre of Polymer Systems project (reg. number: CZ.1.05/2.1.00/03.0111), the project
Advanced Theoretical and Experimental Studies of Polymer Systems (reg. number: CZ.1.07/2.3.00/20.0104) and by
the Fund of Institute of Hydrodynamics AV0Z20600510.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Petsagkourakis, I.; Tybrant, K.; Crispin, X.; Ohkubo, I.; Satoh, N.; Mori, T. Thermoelectric materials and applications
for energy harvesting power generation. Sci. Technol. Adv. Mater. 2018, 19, 836–862. [CrossRef] [PubMed]

2. MacDiarmid, A.G.; Chiang, J.C.; Richter, A.F.; Epstein, A.J. Polyaniline—A new concept in conducting
polymers. Synth. Met. 1987, 18, 285–290. [CrossRef]

3. Hao, B.; Li, L.C.; Wang, Y.P.; Qian, H.S.; Tong, G.X.; Chen, H.F.; Chen, K.Y. Electrical and microwave absorbing
properties of polypyrrole synthesized by optimum strategy. J. Appl. Polym. Sci. 2013, 127, 4273–4279. [CrossRef]

4. Trivedi, D. Polyanilines. In Handbook of Organic Conductive Molecules and Polymers; Nalwa, H.S., Ed.; Wiley:
Chichester, UK, 1997; Volume 2, pp. 505–572.

5. Wang, W.J.; Sun, S.P.; Gu, S.J.; Shen, H.W.; Zhang, Q.H.; Zhu, J.J.; Wang, L.J.; Jiang, W. One-pot fabrication
and thermoelectric properties of Ag nanoparticles-polyaniline hybrid nanocomposites. RSC Adv. 2014, 51,
26810–26816. [CrossRef]

6. Mitra, M.; Kulsi, C.; Kargupta, K.; Ganguly, S.; Banerjee, D. Composite of polyaniline-bismuth selenide with
enhanced thermoelectric performance. J. Appl. Polym. Sci. 2018, 135, 46887. [CrossRef]

7. Ube, T.; Koyanagi, J.; Kosaki, T.; Fujimoto, K.; Yokozeki, T.; Ishiguro, T.; Nishio, K. Fabrication of well-isolated
graphene and evaluation of thermoelectric performance of polyaniline-graphene composite film. J. Mat. Sci.
2019, 54, 3904–3913. [CrossRef]

8. Liang, L.R.; Chen, G.M.; Guo, C.Y. Polypyrrole nanostructures and their thermoelectric performance.
Mat. Chem. Front. 2017, 1, 380–386. [CrossRef]

9. Misra, S.; Bharti, M.; Singh, A.; Debnath, A.K.; Aswal, D.K.; Hayakawa, Y. Nanostructured polypyrrole:
Enhancement in thermoelectric figure of merit through suppression of thermal conductivity. Mat. Res. Exp.
2017, 4, 085007. [CrossRef]

10. Du, Y.; Niu, H.; Li, J.; Dou, Y.C.; Shen, S.Z.; Jia, R.P.; Xu, J.Y. Morphologies Tuning of Polypyrrole and
Thermoelectric Properties of Polypyrrole Nanowire/Graphene Composites. Polymers 2018, 10, 1143. [CrossRef]

11. Aghelinejad, M.; Zhang, Y.C.; Leung, S.N. Processing parameters to enhance the electrical conductivity and
thermoelectric power factor of polypyrrole/multi-walled carbon nanotubes nanocomposites. Synt. Met. 2019,
247, 59–66. [CrossRef]

12. Bharti, M.; Singh, A.; Samanta, S.; Debnath, A.K.; Aswal, D.K.; Muthe, K.P.; Gadkari, S.C. Flexo-green
Polypyrrole–Silver nanocomposite films for thermoelectric power generation. Energ. Convers. Manage. 2017,
144, 143–152. [CrossRef]

13. Wang, Y.H.; Yang, J.; Wang, L.Y.; Du, K.; Yin, Q.; Yin, Q.J. Polypyrrole/Graphene/Polyaniline Ternary
Nanocomposite with High Thermoelectric Power Factor. ACS Appl. Mat. Interf. 2017, 9, 20124–20131.
[CrossRef] [PubMed]

14. Slobodian, P.; Riha, P.; Olejnik, R.; Benlikaya, R. Analysis of sensing properties of thermoelectric vapor sensor
made of carbon nanotubes/ethylene-octene copolymer composites. Carbon 2016, 110, 257–266. [CrossRef]

15. Nonoguchi, Y.; Ohashi, K.; Kanazawa, R.; Ashiba, K.; Hata, K.; Nakagawa, T.; Adachi, C.; Tanase, T.; Kawai, T.
Systematic conversion of single walled carbon nanotubes into n-type thermoelectric materials by molecular
dopants. Sci. Rep. 2013, 3, 3344. [CrossRef]

16. Du, Y.; Cai, K.F.; Chen, S.; Wang, H.; Shen, S.Z.; Donelson, R.; Lin, T. Thermoelectric fabrics: Toward power
generating clothing. Sci. Rep. 2015, 5, 6144. [CrossRef]

17. Yang, Y.; Lin, Z.H.; Hou, T.; Zhang, F.; Wang, Z.L. Nanowure-composite based flexible thermoelectrics
nanogenerqators and self-powered temperature sensors. Nano Res. 2012. [CrossRef]

http://dx.doi.org/10.1080/14686996.2018.1530938
http://www.ncbi.nlm.nih.gov/pubmed/31001364
http://dx.doi.org/10.1016/0379-6779(87)90893-9
http://dx.doi.org/10.1002/app.38032
http://dx.doi.org/10.1039/C4RA02136C
http://dx.doi.org/10.1002/app.46887
http://dx.doi.org/10.1007/s10853-018-3129-z
http://dx.doi.org/10.1039/C6QM00061D
http://dx.doi.org/10.1088/2053-1591/aa7b1f
http://dx.doi.org/10.3390/polym10101143
http://dx.doi.org/10.1016/j.synthmet.2018.11.016
http://dx.doi.org/10.1016/j.enconman.2017.04.022
http://dx.doi.org/10.1021/acsami.7b05357
http://www.ncbi.nlm.nih.gov/pubmed/28530790
http://dx.doi.org/10.1016/j.carbon.2016.09.023
http://dx.doi.org/10.1038/srep03344
http://dx.doi.org/10.1038/srep06411
http://dx.doi.org/10.1007/s12274-012-0272-8


Polymers 2020, 12, 1316 14 of 14

18. Du, Y.; Xu, J.; Paul, B.; Eklund, P. Review: Flexible thermoelectric materials and devices. Appl. Mater. Today
2018, 18, 366–388. [CrossRef]

19. Slobodian, P.; Riha, P.; Lengalova, A.; Svoboda, P.; Saha, P. Multi-wall carbon nanotube networks as potential
resistive gas sensors for organic vapor detection. Carbon 2011, 49, 2499–2507. [CrossRef]

20. Stejskal, J.; Gilbert, R.G. Polyaniline. Preparation of a conducting polymer (IUPAC technical report).
Pure Appl. Chem. 2002, 74, 857–867. [CrossRef]

21. Benlikaya, R.; Slobodian, P.; Riha, P. Enhanced strain-dependent electrical resistance of polyurethane
composites with embedded oxidized multiwalled carbon nanotube networks. J. Nanomat. 2013, 2013, 327597.
[CrossRef]

22. Jansson, P.A. (Ed.) Deconvolution of Spectra and Images; Academic Press: San Diego, CA, USA, 1997; pp. 119–134.
23. Hernadi, K.; Siska, A.; Thien-Nga, L.; Forro, L.; Kiricsi, I. Reactivity of different kinds of carbon during

oxidative purification of catalytically prepared carbon nanotubes. Solid State Ionics 2001, 141, 203–209.
[CrossRef]

24. Rasheed, A.; Howe, J.Y.; Dadmun, M.D.; Britt, P.F. The efficiency of the oxidation of carbon nanofibers with
various oxidizing agents. Carbon 2007, 45, 1072–1080. [CrossRef]

25. Wepasnick, K.A.; Smith, B.A.; Schrote, K.E.; Wilson, H.K.; Diegelmann, S.R.; Fairbrothe, D.H. Surface and
structural characterization of multi-walled carbon nanotubes following different oxidative treatments. Carbon
2011, 49, 24–36. [CrossRef]

26. Ros, T.G.; Van Dillen, A.J.; Geus, J.W.; Koningsberger, D.C. Surface oxidation of carbon nanofibres.
Chem. Eur. J. 2002, 8, 1151–1162. [CrossRef]

27. Chen, J.; Chen, Q.; Ma, Q. Influence of surface functionalization via chemical oxidation on the properties of
carbon nanotubes. J. Coll. Int. Sci. 2012, 370, 32–38. [CrossRef] [PubMed]

28. Abuilaiwi, F.A.; Laoui, T.; Al-Harthi, M.; Atieh, M.A. Modification and functionalization of multiwalled
carbon nanotubes (MWCNT) via Fischer esterification. Arab. J. Sci. Eng. 2010, 35, 37–48.

29. Fanning, P.E.; Vannice, M.A. A DRIFTS study of the formation of surface groups on carbon by oxidation.
Carbon 1993, 31, 721–730. [CrossRef]

30. Moreno-Castilla, C.; Lopez-Ramon, M.V.; Carrasco-Marın, F. Changes in surface chemistry of activated
carbons by wet oxidation. Carbon 2000, 38, 1995–2001. [CrossRef]

31. Kim, U.J.; Furtado, C.A.; Liu, X.; Chen, G.; Eklund, P.C. Raman and IR spectroscopy of chemically processed
single-walled carbon nanotubes. J. Am. Chem. Soc. 2005, 127, 15437–15445. [CrossRef]

32. Zhang, J.; Zou, H.; Qing, Q.; Yang, Y.; Li, Q.; Liu, Z.; Guo, X.; Du, Z. Effect of chemical oxidation on the
structure of sigle-walled nanotubes. J. Phys. Chem. B 2003, 107, 3712–3718. [CrossRef]

33. Liang, Y.; Zhang, H.; Yi, B.; Zhang, Z.; Tan, Z. Preparation and characterization of multi-walled carbon
nanotubes supported Pt Ru catalysts for proton exchange membrane fuel cells. Carbon 2005, 43, 3144–3152.
[CrossRef]

34. Tang, J.S.; Jing, X.B.; Wang, B.C.; Wang, F. Infrared-spectra of soluble polyaniline. Synth. Met. 1988, 24,
231–238. [CrossRef]

35. MacDiarmid, A.G.; Chiang, J.C.; Huang, W.S.; Humphery, B.D.; Somasiri, N.L.D. Polyaniline: Protonic acid
doping to the metallic regime. Mol. Cryst. Liquid Cryst. 1985, 25, 309–318. [CrossRef]
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