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Flexible and easy processing lightweight thermoelectric materials for energy harvesting applications have shown
an increasing interest. Thermoplastic polyvinylidene fluoride (PVDF) and elastomer styrene-ethylene/butylene-
styrene (SEBS) polymers reinforced with thermoelectric ceramics, including bismuth sulfide (BiySg), bismuth
telluride (BioTeg) and antimony telluride (SbyTes), and electrically conductive carbon nanotubes (CNT) have
been developed, tailoring their thermal and electrical properties for thermoelectric device applications. The
Seebeck coefficient of the composites increases with thermoelectric ceramic filler content for semicrystalline
PVDF composites, slightly decreasing for amorphous SEBS composite. Thermoelectric power factor and figure-of-
merit in the polymer composites increases up to 9 orders of magnitude with respect to the pristine polymer, up to
a maximum value of 103 yW/(m-K?) and 10°, respectively, for the PVDF/CGNT/BiyTes composite. A device
composed by 2 printable p-n thermocouples based on PVDF/50Bi,S3 and PVDF/50Bi;Tes can generate power in
the order of the nW and charge a capacitor with 5 V. Theoretical modeling allows to evaluate different ther-
moelectric configurations, the effect of the number of thermocouples and the influence of the temperature
gradient on device performance.

1. Introduction

The social and economic paradigms are rapidly changing with an
enormous increase in the use and areas of application of low-power and
wearable devices used in daily activities worldwide, in the scope of the
Internet of Things and Industry 4.0 paradigms [1]. Energy is an essential
indicator of social and economic progress, and the annual global de-
mand for energy consumption has risen exponentially in the last few
decades and will continue to increase; predicted to increase by near 50%
for the next 3 decades [2,3]. Nevertheless, it is mandatory to reduce
energy waste and several strategies are being implemented to increase
energy transformation and consumption efficiency [4], since it is esti-
mated that about half of the global primary energy production is

dissipated by heat [5]. Thus, thermoelectric (TE) energy harvesting
systems can be used to take advantage of the thermal energy dissipated
as heat, in order to produce electrical energy for low-power devices [6].
Further, the growth of portable electronic devices and wearable sensors
[7] demands sustainable green energy sources [8] and energy harvesting
of low-power devices [9] is expected to have high growth in the next few
years. In particular, the TE effect can be a promising strategy to recover a
portion of wasted heat energy, either from the human body or envi-
ronment (solar, as an example), or from industrial processes, since it is
based on the conversion of a temperature gradient into an electrical
voltage (Seebeck effect) or viceversa (Peltier effect) [10]. The perfor-
mance evaluation of a TE device is commonly evaluated using the
dimensionless figure-of-merit (ZT) and power factor (PF) [11,12].
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Semiconductor materials are the most commonly used in TE devices,
presenting high-performance but limited mechanical characteristics
[13], high-cost manufacturing, and being difficult to implement by ad-
ditive manufacturing technologies for easy and low-cost integration into
devices [13,14]. TE ceramics are manufactured by processes involving
high temperatures, expensive equipment and are not suitable for being
implemented on flexible substrates [15,16]. The ZT of bulk TE materials
is higher for bismuth telluride (BiyTeg3), lead telluride (PbTe) and bis-
muth sulfide (SbyTes), which are the most commonly used semi-
conductors for thermal energy harvesting [17-19]. Further, the
abundance of bismuth sulfide (Bi»S3) makes it an excellent choice [19],
although it presents a much lower ZT than the other indicated materials.
The highest-performance materials reach near ZT ~ 1.5 for complex or
earth-rare materials [18]. Further, another relevant parameter is the
optimum working temperature, which can range between 200 and 1000
K [14,18]. The BiyTes, SbyTes, BizSs and PbTe bulk materials present a
ZT ~ 1 at400 K [18], ZT ~ 0.5 at 500 K [20], ZT ~ 0.14 at 570 K [21]
and ZT ~ 0.8 at 600 K [18], respectively. Enhancing the performance of
TE materials in order to increase energy harvesting efficiency is still
challenging due to the interrelation between the different TE parame-
ters. The major approach is to tailor the thermal conductivity by con-
trolling the electrical conductivity by doping, alloying [22] or through
complex and nanostructured material development. These traditional
thermoelectric materials have been extensively evaluated for applica-
tions developed by additive manufacturing on flexible substrates [23].
TE devices have been developed for wide temperature range applica-
tions, using ceramic or polymeric substrates as support materials for the
different TE semiconductor fillers [11,14]. Output voltages and power
up to 2200 mV and 460 pW, respectively [14], have been reported, as
well as PF ~2.1 mW m™* K’Z, ZT ~0.61 at room temperature [23] and a
power density up to 3.8 mW cm 2 [24]. The direct comparison of TE
energy harvesting devices is quite complicated due to the use of different
materials and filler contents in composites, varying geometries, and
different numbers of p-n thermocouples. Further, literature also shows
large variations on temperature ranges, application methods, and elec-
tronic circuit design, among other parameters.

The incorporation of TE ceramic fillers into polymeric matrix is one
of the most suitable ways to develop robust thermoelectric devices to be
integrated into portable and wearable systems to enable the supply of
electronic devices from human body heat, as an example [25,26]. De-
vices with high thermoelectric performance have been developed based
on conductive materials, such as poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS) or polyaniline (PANI) or carbon
nanotubes (CNT), together with the aforementioned ceramic materials
[25,27]. Conductive fillers allow for an increase in the figure-of-merit of
the TE composites, which, together with the Seebeck coefficient, is the
main parameter to evaluate the materials’ performance [25]. Conduc-
tive polymers are largely used in TE devices and are mostly fabricated
through solution methods, such as drop-casting or printing techniques
[25,28]. PEDOT:PSS and PANI reinforced with TE filler present values in
the order of PF = 0.38 mW m™! K2 and ZT = 0.32 in composites
developed by solution mixing [28]. These values are lower when
compared with other TE fillers, as previously indicated. TE devices
based on conductive PANI/Bi,S3 nanorods (n-type) present a Seebeck
coefficient of S = 42.8 uwV K~! and PF = 0.07 yW m~! K2 at room
temperature [29]. The composite was used as a n-type material, which,
together with PANI/Te as a p-type component, leads to an energy har-
vesting output voltage of Vot = 141.4 mV at AT = 90 °C for 7 ther-
mocouples, with 224.4 pV K~! per thermocouple [29].

For mass production of electronic devices, printing technologies are
among the most promising fabrication methods [30,31] based on their
low-temperature and vacuum-less processing, low-cost equipment, low
material waste, and suitability for flexible substrate applications [32].
Additive manufacturing technologies have been extensively applied in
the areas of printing electronics [33], sensors, and actuators [34], but
are more scarce in the development of energy harvesting systems [6]. As
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previous mentioned, printed thermoelectric energy harvesting devices
are typically achieved by combining a polymeric matrix with semi-
conductor materials [10]. The major advantage of composite material
developments, in addition to the mechanical properties, is the possibility
to print these devices using additive manufacturing, allowing optimi-
zation of the geometry and structure of the thermoelectric devices,
which is also critical to enhancing their performance, based on theo-
retical simulations [35]. Different printing technologies, such as
dispenser and screen printing for rapid and large-area applications, and
inkjet or aerosol printing for high-resolution applications, have been
used to produce different energy harvesting systems [36], mainly from
solvent solutions [36]. As relevant examples, a printed prototype
fabricated by the dispenser method has been developed based on 50
thermocouples of BisTes (n-type) and SbaTes (p-type) embedded into a
binder resin, leading to a power density of 75 yW cm ™2 at AT = 20 °C
[37]. Screen-printed TE systems with 15 thermocouples were developed
based on PVDF reinforced with potassium counterion (poly[Ky(Ni-ett)])
as n-type and PEDOT:PSS/Te nanowires as p-type materials, reaching a
PF~ 1.5 yW m ' K2, Voue ~ 85 mV and Pyt &~ 25 nW at AT = 45 °C
[38]. A TE device with PEDOT:PSS/BisTe3 (n-type) and PEDOT:PSS/
SbyTes (p-type) materials in the form of 15 thermocouples allowed to
reach a power density of 1.22 mW em~2 at (AT = 50 °C) [39]. The
highest value of power density for printed thermoelectric energy har-
vesting prototypes, 55 mW m 2 (AT = 70 °C), has been obtained using a
composite of polystyrene with carbon nanotubes as p-type material), the
PF being 0.15 yW m™! K2 [40].

To develop easy processing and flexible energy harvesting materials
to convert thermal into electrical energy, host polymer selection is also
critical for achieving both processability (e.g. by additive
manufacturing) and high-performance composites but has been barely
addressed. Electroactive polyvinylidene fluoride (PVDF) and its co-
polymers present the highest electroactive properties among polymers
with good mechanical, thermal, and chemical stabilities [41,42]
showing exceptional applicability as energy harvesting systems
[43-45]. To achieve materials with large deformation capabilities, with
up to 100% of maximum strain, a chemically stable thermoplastic
elastomer composed of styrene-ethylene/butylene-styrene (SEBS) [46]
has also been used for polymer composite development. In this work,
PVDF and SEBS composites are proposed as polymer matrices reinforced
with different types and contents of thermoelectric fillers (n- and p-type)
to develop and optimize material characteristics for the implementation
of thermoelectric energy harvesting systems. Further, the effect of the
addition of carbon nanotubes on the electrical conductivity of the
composites and TE device performance has been assessed.

2. Materials and methods
2.1. Materials

Styrene-ethylene/butylene-styrene (SEBS) with reference 108C and
85/15 ethylene-butylene/styrene ratio was supplied by Dynasol Elas-
tomers, S.A (Spain). Poly(vinylidene fluoride) (PVDF) with reference
Solef 6010 and a density of 1.75-1.8 kg/m> was supplied by Solvay. As
semiconductor reinforcing fillers were used bismuth sulfide (Bi»S3) with
a density of 7.7 g/ml, bismuth telluride (BizTes3) with a density of 7.6 g/
ml, and antimony telluride (SboTeg) with a density of 6.5 g/ml, obtained
from Sigma Aldrich. Multiwalled carbon nanotubes (CNT) with a purity
of 90%, outer mean diameter of 9.5 nm, and length of 1.5 pym were
supplied by Nanocyl with the reference NC7000. The solvents used to
dissolve SEBS and PVDF were cyclopentyl methyl ether (CPME), from
Carlo Erla (p = 0.86 g/cm® at 20 °C and a boiling temperature of 106 °C)
and N,N-dimethylformamide (DMF) from Merck (p = 0.94 g/cm® at
25 °C, boiling temperature of 153 °C), respectively.
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2.2. Preparation of the composites

The SEBS and PVDF polymers and composites were prepared using a
polymer/solvent ratio of 1 g to 6 ml. The preparation of composites
starts by placing the solvent and the corresponding filler contents
(Table 1) in a glass flask for 2 h in an ultrasonic bath at 25 °C for ho-
mogeneous dispersion of the fillers. The polymer powder was then
added to the aforementioned dispersion, which was magnetically stirred
for 4 h at 30 °C until complete polymer dissolution. Neat SEBS and PVDF
samples were produced by the same experimental procedure, except for
the ultrasonic bath step, with the same polymer/solvent ratio. Finally,
flexible thin films (thickness between 40 and 60 um) were obtained by
spreading the solution on a clean glass substrate and solvent evapora-
tion. For the SEBS samples, the evaporation was at ambient temperature
for 12 h and while for the PVDF solvent evaporation occurred at 210 °C
for 15 min (melting and re-crystallization procedure [41]) in an oven (JP
Selecta, model 2005165)). Table 1 summarizes all the samples.

2.3. Samples characterization

2.3.1. Morphological, chemical and thermal properties

The surface morphological characteristics of the samples were ob-
tained by scanning electron microscopy (SEM) using a NanoSEM-FEI
Nova 200 (FEG/SEM) at 500x and 2500x magnification. Energy
dispersive X-ray analysis (EDX) was carried out at 500x of magnifica-
tion to evaluate the nanofillers dispersion. Before the analyses, the
samples were coated with a thin gold layer (=10 nm) using a sputter
coating (Polaron SC502).

The chemical characteristics were evaluated by Fourier-transform
infrared spectroscopy (FTIR) in attenuated total reflectance mode
(ATR) using Jasco FTIR-4100 equipment. A measurement resolution of
4 cm ™! was used in a range of 600-4000 cm ™! with 64 scans. Differential
scanning calorimetry (DSC) tests were carried out to evaluate the ther-
mal transitions. The heating scans were performed from —70 to 200 °C
at a rate of 10 °C/min.

2.3.2. Mechanical properties

The tensile mechanical properties were evaluated with a Shimadzu
model AG-IS with a load cell of 50 N. Rectangular samples (15 x 20 mm?
and thickness between 20 um and 60 um) were evaluated at room
temperature in the tensile mode at a deformation speed of 5 mm/min
and 1 mm/min for SEBS and PVDF samples, respectively. Young
modulus was determined for strains up to 10 % and 0.5 % of SEBS and
PVDF, respectively.

2.3.3. Electrical and thermal conductivity

The surface electrical resistance was calculated from the slope of the
-V curves measured with a Keithley 6487 picoammeter/voltage source
at room temperature. Two rectangular (10 mm length x 5 mm width)
parallel electrodes were coated at a distance of 20 mm using conductive
silver ink (Agar Scientific, AGG3790). The electrical conductivity (o)
was calculated using also geometrical factors of the samples, length (1)

Table 1
Samples prepared and corresponding nomenclature.

Polymer Filler Weight percentage (wt.%) Sample nomenclature

PVDF - - PVDF
BiyS3 30 PVDF/30Bi,S3
BiyS3/CNT 50 PVDF/50BiS3
80 PVDF/80Bi,S3
49 +1 PVDF/CNT/Bi,S3
BiTes 50 PVDF/50Bi;Tes
Bi;Te3/CNT 49 +1 PVDF/CNT/Bi,Teg
Sb,Tes 50 PVDF/50Sb,Tes
SEBS - - SEBS
BiyS3 50 SEBS/50Bi,S3
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and distance (d) of electrodes.

1d

=57 @

o

The electrical resistance was calculated at room temperature and in
the temperatures range between 30 and 150 °C in 20 °C intervals. The
temperature was first stabilized for 2 min and the I-V slope was
measured 3 consecutive times.

Dielectric measurements were performed at room temperature using
a Quadtech 4000 model to record the capacity and tan § in the fre-
quencies range between 200 Hz and 1 MHz. The dielectric constant was
obtained considering the sample geometry and the parallel plate
condenser measurement geometry (parallel gold electrodes with a
diameter of 5 mm deposited with a Polaron SC502 sputter coater).

The thermal conductivity (k) (W/(m-K)) was calculated using the Eq.
(2):

k=pxaxGC (2)

where p is the density, a the thermal diffusivity and C, the specific heat
capacity. The samples were previously sprayed to coating with graphite
and cut into squares with 8 mm. The density of the samples was
measured according to ISO 1183 using a hydrostatic balance. Thermal
diffusivity was measured at 25, 50, 75, and 100 °C using a thermal
analyzer (LFA 447 Nanoflash Netzsch, Germany). The diffusivity data
was obtained by pulse corrected by the Cowan model. The specific heat
capacity data was obtained by DSC 2010 CE calorimeter (TA In-
struments) according to ISO 11357 using sapphire as standard.

2.3.4. Thermoelectric properties

The thermoelectric effect was evaluated by determining the Seebeck
coefficient defined as S = AV/AT, where AV is the potential difference
measured when a gradient of temperature (AT) is applied. ZT is defined
asZT = S26T/x, for a given temperature, and the power factor is defined
as PF = $%6. A homemade platform was developed that allows varying
temperatures, ensuring the thermal gradient along the sample length.
The developed system is based on two Peltier devices, in which the cells
are placed with an opposite potential difference (positive and negative),
and an aluminum base is attached to the surface of the Peltier plate
(TEC1-12705, 12 V, 5 A Qcma, 30 W, Atpax 61 °C), for improving
temperature homogeneity (Fig. 1).

On the lower surface of the Peltier plates, a water-cooling system
with an independent control was placed, allowing to optimize the
thermal difference between the aluminum plates, controlled by a tem-
perature sensor (PT100- 32209210 from Nexensos) placed on the
aluminum plate. An electronic power system was also developed to
control the potential difference in the Peltier plates, activating the
cooling system, and reading the temperature sensor data. The electronic
control system is based on an ESP32-C3 microcontroller (from Espressif
Systems), with BLE communication, allowing interaction with the de-
vice. The control of the Peltier plates is achieved with a relay bridge,
enabling independent control of the two plates and the refrigeration
system according to the applied stimulus. PT100 temperature sensors
were used, connected to a Wheatstone bridge. A differential amplifier
INA122P (Texas Instruments) was applied to the bridge terminals and its
output was connected to the analog to digital converter (ADC) of the
microcontroller, allowing the recording of temperature over time. The
entire structure of the system was built using commercial polytetra-
fluoroethylene (PTFE), allowing the two chambers with different tem-
peratures, according to Fig. 1A.

2.4. Thermoelectric theoretical model

A TE energy harvesting model was developed to predict the output
voltage, current, and power generated based on Finite Elements
Methods (FEM) [47-49]. The TE energy harvesting performance was
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Fig. 1. A) Homemade system using two commercial Peltier systems to evaluate the thermoelectric response. B) Structure of a thermoelectric energy harvesting
device with 1 thermocouple. The materials dimensions are summarized in Table SI4.

evaluated under several temperature gradients and for a different
number of thermocouples and the generated voltage and current were
calculated using the constitutive equations described in Table SI1 and
SI2 on Supporting information (SI4 section) [47]. The theoretical model
was based on the structure of the samples produced experimentally with
PVDF/50Bi,S3 and PVDF/50Bi,Tes as TE materials and copper as elec-
trodes, as represented in Fig. 1B.

The performance of the thermocouples under several temperature
gradients was evaluated using the model equations, boundary condi-
tions, and main parameters to characterize the TE materials summarized
in Table SI3 and SI4 of the SI4 section.

3. Results and discussion
3.1. Morphological, chemical and thermal properties
The cross-section morphology of PVDF, SEBS, and corresponding

composites was characterized by SEM and EDX techniques (Figs. 2 and
3). Fig. 2 shows a suitable dispersion of the different TE fillers within the

host polymer matrices, with individual filler dispersion and some ag-
glomerates, critically related to filler size. Further, the materials show a
compact structure without holes or voids, for all materials. The average
diameter of the TE clusters is about 10 pm, although some cluster sizes
go up to 20-25 due to larger particle diameters (mainly for BisTes filler).
The CNTs are not observed, as the size and amount are much lower than
the TE fillers.

There are no differences between composites and ternary composite
structures and filler dispersion, independently of the polymer matrix and
the filler type. In all cases, it can be observed a homogeneous filler
dispersion for lower-size particles and some agglomerates of the larger
particles. The distribution of the fillers is also evidenced by the EDX
images presented in Fig. 3. Chemical elements such as bismuth (Bi),
sulfur (S), tellurium (Te) or antimuonium (Sb) are well distributed,
although some larger particles are observed for the majority of the
composites. As observed in the SEM images, the filler characteristics are
critical in the proper dispersion and distribution within the host poly-
mer, independently of whether the polymer is SEBS or PVDF.

FTIR analysis was performed to obtain the vibrational spectra of the

SEBS/50Bi,S;

PVDF/50Bi,S;

PVDF/CNT/Bi,S;

L |
10 pm

Fig. 2. Cross-section SEM images at 2500x of magnification for the processed composites with 50 wt% filler content and for the ternary composite with 1% CNTs.
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PVDF/50Bi,S;

50 um

50 um

PVDF/CNT/Bi,S;

SEBS/50Bi,S;

50 um 50 um

50 um 50 pm

50 um

PVDF/50Bi,Te;

50 um

PVDF/50Sb,Te;

50 pm

50 pm 50 um
e S—

Fig. 3. Cross-section SEM and EDX images at 500x of magnification for the composites using PVDF and SEBS as matrices and TE fillers.

samples and the possible chemical interactions between the polymeric
matrix and the fillers. Fig. 4A shows the FTIR spectra for pristine PVDF
and SEBS and their respective composites. For the neat PVDF, vibrations
corresponding to the a-phase are observed at 614 cm ! and to the
y-phase at 833 cm ™! [41]. In the processed PVDF and composites, peaks
of the y-phase are also found at 833 and 1233 cm™*. The composites that
contain bismuth show a similar band structure as PVDF, while the
PVDF/50Sb,Tes almost inhibits the y-phase in the sample, and presents
pronounced a-phase peaks at 766 and 976 cm ™! [41]. Thus, PVDF and
composites crystallize mainly in the non-polar a-phase with some traces
of the polar y-phase, independently of the filler, except for the
50Sb,Te3/PVDF composite. The crystallization temperature plays an
important role in determining polymer phase crystallization in the case
of PVDF. For solution-processed PVDF, solvent evaporation above the
melting temperature of the polymer typically leads to polymer

crystallization mainly in the non-polar a-phase, except for particular
cases in which strong polymer-filler interactions lead to polymer crys-
tallization in the polar phases [50].

Fig. 4B, shows that both, neat SEBS and the SEBS/50Bi»S3 compos-
ites, present absorption bands characteristic of styrene (at 699 cm™!
[46]) and butadiene. In particular, the absorption peaks in the
3000-2800 cm ™! region are associated with the C-H aliphatic groups
[46], and the aromatic C = C stretching of styrene peaks is located at
1454 cm™! [46]. The ring out-of-plane deformation vibration peak was
also observed from the aliphatic C-H bending, at 1373 cm ! [51]. For
both PVDF and SEBS-based composites, the inclusion of the fillers does
not affect the characteristic absorption bands of the respective polymers
and no new bands are observed, indicative of chemical interactions
between filler and polymer host.

Fig. 4C and D show the DSC thermograms of the PVDF and SEBS-
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Fig. 4. FTIR spectra of the pristine polymers and corresponding composites for PVDF (A) and SEBS (B). DSC analysis of the samples based on PVDF (C) and SEBS (D).
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Fig. 5. Representative tensile stress—strain curves of PVDF (A) and SEBS composites (B). C) Young modulus for the different polymer and polymer composites.
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based samples, respectively. PVDF and composites with 50 wt% filler
content show similar melting temperatures, about 171-173 °C, in
agreement with the literature [41] for a-PVDF (167-172 °C). The glass
transition temperature of SEBS and SEBS/50Bi,S3 also occurs at the
temperature of 65 °C, related to the polystyrene glass transition [52].
The glass transition of the polybutadiene is found at lower temperatures,
around 10 °C or lower [53,54], depending on the copolymer ratio [53].
Similar to both matrices, the inclusion of the different fillers does not
lead to relevant variations in the thermal transitions of the matrixes,
demonstrating that the pristine polymer determines the temperature
range for devices such as TE generators.

3.2. Mechanical properties

The mechanical properties of thermoplastic PVDF, elastomeric SEBS
and the corresponding composites are presented in Fig. 5. PVDF shows a
typical thermoplastic behavior in the quasi-static uniaxial stress—strain
measurements (Fig. 5A), with strain at a break of around 8%. The
composites reinforced with BiySg present similar performance for 30, 50
and 80 wt% filler content, with strain at a break between 6 and 11%,
decreasing for PVDF/50Bi;Te; and PVDF/50Sb,Tes to near 4 to 4.5% of
strain. The stress at break changes between 20 and 35 MPa, where the
PVDF presents the highest value. Larger filler content and micrometer
sizer of fillers (observed in Figs. 2 and 3) leads to a decrease in the
overall mechanical properties due to weak filler-polymer interfaces
[55]. In any case, independently of the filler content, the composites
remain flexible and easy to handle, making them suitable for thermo-
electric applications. For stretchable applications, the use of SEBS is
more suitable as it withstands large strains [46]. Fig. 5B shows the
elastomeric behavior of neat SEBS and composite, where the maximum
strain is near 750% for the pristine polymer, decreasing to 470% for the
composite with a 50 wt% content of BiyS3. Both materials present
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excellent maximum strain, and the stress at break decreases for the
composite due to the defective sited for mechanical deformation that
represents the filler-polymer interfaces. The Young modulus measured
at 1% strain for PVDF and at 10% strain for SEBS is shown in Fig. 5C. The
Young modulus is near E =~ 1.9 GPa for PVDF and is similar for most of
the composites, with a slight increase for the PVDF/50Sb,Tes composite.
For elastomer SEBS and SEBS/50Bi,S3 composite, the Young modulus is
~200x lower than PVDF materials, ranging between E ~ 8 and 10 MPa,
respectively.

3.3. Electrical and thermal conductivity

The electrical conductivity of PVDF, SEBS, and their composites is
represented in Fig. 6A. In the case of neat SEBS and PVDF samples, the
electrical conductivity is 1.8 x 10710 (Qm)’l, as it corresponds to
electrically insulating materials [42]. The reinforcement with BiyS3
fillers leads to a slight increase in the conductivity (~2.2-4.1 x 107 1°
(©@-m)~Y) for both SEBS and PVDF when compared to the neat samples.
In the case of PVDF/BiyS3 composites, the electrical conductivity is
nearly independent of the filler content. Further, the inclusion of BiyTes
does not lead to significant variation of the electrical conductivity, with
the PVDF/50Bi;Tes samples showing similar conductivity values to the
neat PVDF samples. On the other hand, the inclusion of SbyTes with 50
wt% content into the PVDF matrix leads to a strong increase of the
conductivity in four orders of magnitude, up to 5.67 x 107° (Q-m)~},
leading therefore to a semiconducting composite, which will influence
the TE efficiency [56].

Moreover, the inclusion of CNT (1 wt%) into PVDF reinforced with
Bi,S3 and BiyTeg leads to a strong increase in the electrical conductivity
of 11 and 10 orders of magnitude for BiySs and BiyTes, respectively
(patterned bars in Fig. 6A), with respect to the pristine polymer as re-
ported by literature for PVDF is above the percolation threshold [42].

(o8]

@Q 30 50 80 50 50 9?3’6 50
Content (wt%)

Fig. 6. Electrical conductivity of the pristine PVDF, SEBS and composites at room temperature (A) and in function of the temperature for composites (B) and for the

ternary PVDF based composites (C). Dielectric constant of composites at 1 kHz (D).
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Thus, the ternary composites become electrically conductive.

Further, the dependence of the electrical conductivity on tempera-
ture is shown in Fig. 6B and C. The PVDF composites show an increase in
electrical conductivity as the temperature increases (Fig. 6B). This effect
is particularly relevant for temperatures higher than 100 °C, above the
a-relaxation of the semicrystalline polymer [57], with the electrical
conductivity increasing from 5 x 1078 to 1 x 1077 (Q-m)~! from 90 to
150 °C, respectively. This behavior is characteristic of PVDF, indepen-
dently of type and content [57,58]. Similar to PVDF composites, the
SEBS/50Bi»S3 sample shows higher electrical conductivity than neat
SEBS, but no temperature variation of the electrical conductivity is
observed in the temperature under consideration. Two main factors
influence the overall electrical conductivity in polymer composites as a
function of temperature: on the one hand, increasing temperature leads
to an increase of energy and mobility of the electrons, which are acti-
vated for electrical conduction [59,60] and, on the other hand, the ions
of the conductive fillers oscillate about their mean positions colliding
more frequently with the electrons, reducing the electrical conductivity
[59,60].

Lastly, Fig. 6C shows the temperature dependence of the electrical
conductivity in the ternary composites, the electrical conductivity of
PVDF/CNT/BisTes decreases with increasing temperature, whereas the
electrical conductivity of PVDF/CNT/Bi,Ss3 is stable in the present
temperature range. Both conductive samples show among the highest
electrical conductivity for thermoelectric polymer/CNT based samples
[61].

The dielectric response of the composites at room temperature
demonstrates that the dielectric constant (measured at 1 kHz) of PVDF is
about ¢ ~ 6.5, increasing slightly for composites with different filler
types or content. The composites show dielectric constants typically
between 8 and 12, the highest dielectric constant being obtained for the
BisTes based sample reaching values of ¢’ ~ 17, three times higher than
for neat PVDF (Fig. 6D). This dielectric response of pristine PVDF agrees
with the literature [41,62], as well as the corresponding increase with
the introduction of the fillers, an increase that is determined by both
filler type and content [63]. The addition of CNTs makes composites
electrically conductive, without the ability to store electrical energy.
SEBS presents a lower dielectric constant than PVDF, being near ¢ = 2.3
for both pristine SEBS and composite [46], mainly due to the poor filler-
matrix interactions and the vacancies or pores created in the structure
[55]. The frequency dependent dielectric constant is shown in
Figure SI3, the behavior being similar for all samples and in line with the
response of the pristine polymer [64].
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3.3.1. Thermal conductivity

The thermal conductivity for neat PVDF, SEBS, and composites at
different temperatures is represented in Fig. 7. The thermal conductivity
is less influenced by temperature than the electrical conductivity, and in
composites, it strongly depends on filler-filler and filler-polymer in-
terfaces and interactions [65]. The thermal conductivity of PVDF is
about 0.03 W/(m-K), being stable in the temperature range from 25 to
100 °C, and increasing with the introduction of the fillers, as shown in
Fig. 7A [66]. The larger increases in thermal conductivity occur for the
BiyTes containing samples with a thermal conductivity ranging between
0.15 < k < 0.18 W/(m-K), about 5x higher than for neat PVDF. The
remaining PVDF composites show a thermal conductivity 2x higher
than the neat polymer. The further inclusion of the CNTs leads to a
reduction of the thermal conductivity in the ternary composites with
respect to the composites with the semiconductive fillers. The heat in the
semiconducting system is carried by photons, which are easier scattered
in composite materials with distinct elastic properties [67]. Neat SEBS
and composites show lower thermal conductivity when compared to
PVDF, as shown in Fig. 7B. In fact, semicrystalline thermoplastic poly-
mers present higher thermal conductivity than amorphous elastomers
[68]. The parameters that influence the thermal conductivity, including
the specific heat capacity and the thermal diffusivity, were evaluated at
several temperatures, as represented in Fig. SI4.

By comparing with the literature [61,65], the polymer composites
show low thermal conductivity, which is suitable for their applicability
in TE harvesting devices, once to increase the ZT value, the thermal
conductivity needs to be as low as possible.

3.4. Thermoelectric properties

The TE properties of the composites are represented in Fig. 8, with a
distance between the two Peltiers of d = 30 mm (see Fig. 1A) and an
average temperature of 58 °C, to maximize the heat flow through the
composites. PVDF/BiyS3 composites show the Seebeck coefficient
increasing from 15 to 25 and 36 pV/K, respectively for 30, 50, and 80 wt
% filler content. This increase is related to the intrinsic Seebeck coeffi-
cient of the TE fillers, depending on whether they are p- or n-type can
vary from 90 to 160 uV/K [23,24,39,69,70]. This TE performance agrees
with the reported literature on TE or conductive fillers embedded in
PVDF-based composites, where Seebeck coefficients ranging from 10
and 35 uV/K [26,71,72] have been reported. When considering the same
content of p-type fillers in PVDF/50Sb,Te; and PVDF/50Bi;Te3 com-
posites, it is shown that the PVDF/50Bi;Tes samples show a higher value
(29 uV/K) when compared to the sample PVDF/50Sb,Tes (15 pV/K).

Bl 25 °C
B 50 °C
75 °C
I 100 °C

PVDF/50Bi,S,
0.07 +

= 0.06

0.03 1

EBS
SEBS/50Bi,S,

Thermal Conductivity [W/(m.K)]

o o
o o
= ]
1 1

Fig. 7. Thermal conductivity at different temperatures for PVDF and composite samples (A). Comparison of SEBS and PVDF neat and composite samples for the same

filler content (B).
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Fig. 8. (A) Seebeck coefficient as a function of filler type and content and (B) ZT and PF for the PVDF, SEBS and respective composites as a function of filler type and

content at average temperature of 58 °C at 30 mm of distance.

Thus, bismuth tellurium presents higher TE performance in composites,
even though presents a composite with higher dielectric constant or
thermal conductivity and lower electrical conductivity. The ternary
composite sample presents larger electrical conductivity but a lower
Seebeck coefficient for PVDF/CNT/50Bi»S3 and PVDF/CNT/50Bi,Tes
composites, decreasing to one-half and one-third, respectively. As re-
ported in the literature, the conductive carbonaceous fillers present
lower Seebeck coefficients (from 10 to 20 uV/K for CNT/PVDF com-
posites [26,73]). In general, higher electrically conductive materials
present lower Seebeck coefficients [26,72-74], and higher thermal
conductivity composites presents larger Seebeck value. The relative
content of crystalline and amorphous phases can also play a relevant
role in the Seebeck coefficient of the samples, as it influences charge
carrier mobility [74]. In the case of the SEBS matrix, the n-type com-
posites based on SEBS/50Bi»S3 showed a Seebeck coefficient of 22.3 uV/
K, slightly lower when compared to the PVDF/50Bi3S3 composite with
25 uV/K. Between both, semicrystalline PVDF presents a slightly higher
Seebeck coefficient than the elastomer SEBS. Thus, the Seebeck coeffi-
cient is more influenced by the specific filler than by the intrinsic
properties of the polymer matrix.

The figure-of-merit and power factor at AT = 58 °C is presented in
Fig. 8B. PVDF reinforced with BiySs slightly increases the PF from 3.8 to
21.0 x 10712 (pW/(m-Kz)) with increasing filler content from 30 to 80
wt%, respectively. PVDF/50Bi2Te3 composites present similar perfor-
mance while the SbyTeg composite presents one order of magnitude
lower values for the PF parameter. Comparing both matrices reinforced
with BiyS3, SEBS composites present slightly higher PF values. Electrical
conductivity critically influences the PF values of the composites, as can
be observed for ternary composites with CNT, presenting 8-9 orders of
magnitude higher values when compared with just semiconducting
composites. Similar ZT performance can be observed for composites
when compared to ternary materials. The PF values of the PVDF/CNT/
BiyS3 and PVDF/CNT/Bi,Tes samples show higher PF values, being 4.3
x 10~* pW/(m-K?) and 2.8 x 10~3 pW/(m-K?), respectively.

For PVDF composites, optimized PF and ZT factors reach up to 2.1 x
107! pW/(rn~K2), and 5.3 x 10713, respectively, for the 80 wt% Bi,S3
content composite. In relation to filler type, n-type (BiyS3) and p-type
(BizTes and SbyTes) show similar ZT values, except for PVDF/50Sb,Tes
due to the lower thermal conductivity. The developed materials also
show similar TE values when compared with the literature for related
polymer/CNT based TE materials [10,26]. The overall results of the
developed materials are summarized in Table 2.

Polymer-based TE energy harvesters typically show a low Seebeck
coefficient, leading to lower energy harvesting characteristics than

Table 2
Summary of the main properties of the materials for TE applications at 58 °C.
Sample 6 (Qm)! S(uV/  PFuw/ KW/ 7T
K) (m-K?) (m-K)

PVDF 1.8 4 0.2 x 14.4 8.5 x 3.4 x 8.3 x
10710 10718 1072 10715
PVDF/30BiyS; 4.1+ 1.0 x 15.4 3.8 x 7.3 x 1.7 x
10710 10712 1073 10718
PVDF/50BiyS3 4.7 + 0.3 x 25.2 5.7 x 6.7 x 2.8 x
10710 10712 1072 1071
PVDF/80BiyS; 4.5 + 0.6 x 36.2 2.1 x 1.3 x 5.3 x
10710 1071 1072 10718
PVDF/CNT/ 32.9 + 0.2 12.2 43x107% 4.8« 2.9 x
BiySs 1072 107
PVDF/ 2.3+ 0.7 x 29.3 6.4 x 1.6 x 1.3 x
50Bi,Tes 10710 10712 107! 10714
PVDE/CNT/ 29402 10.4 28x107° 1.2« 7.6 x
Bi,Tes 10t 107
PVDE/ 57+ 1.1 x 14.5 8.2 x 5.9 x 4.6 x
50Sb,Tes 10°° 10713 1072 10°1%
SEBS 1.8+ 0.5 x 10.6 5.2 x 1.6 x 1.1 x
10710 10718 1072 107
SEBS/50BiS3 2.2 + 0.6 x 22.3 7.9 x 2.4 x 1.1 x
10710 10712 1072 10712

semiconducting materials [10,75], nevertheless, the former show ad-
vantages for large area applications, conformable and flexible surfaces,
based on the insulator matrices with excellent mechanical, chemical,
and thermal properties [6]. Materials similar to those developed in this
work are reported in the literature (Table 3) demonstrating that the TE
performance critically depends on the filler reinforcement properties
and content, being developed composites where the polymer is used as
binder materials (larger filler than polymer content) [76]. Such filler
content strongly decreases the mechanical properties of the TE materials
and, consequently, the devices applications as flexible materials able to
be fabricated by additive manufacturing. Thermoelectric semi-
conductive fillers embedded into a polymer matrix with larger filler
contents present an S ~ 100 pV/K using the polymer as a binder (higher
amount of filler than polymer [67,77]), near the intrinsic Seebeck co-
efficient of inorganic semiconductors with <300 pV/K [18,78] and ZT <
2 [14,78]. TE composites can nevertheless be improved through doping
or band gap engineering [79], as well as by processing conditions and
device geometry [25]. Electrical conductivity influences significantly
the ZT and PF values, while the Seebeck coefficient depends on the type
of charge carriers and their mobility with temperature variations,
decreasing in composites compared to pristine inorganic
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Table 3
Comparison of the main characteristics of the thermoelectric polymer-based
composites developed in this work, with related ones form the literature.

Matrix Filler S (uv/ PF (pv/ ZT Ref
K) (mK?)
PVDF Tonic Liquid 26.1 — 0.75 [83]
BiSes 90 1073 0.5 (671
80 32.6 0.02 (771
BiyTes 273.5 133.4 - [81]
Cu-BiySes 90 103 0.10 [84]
AgsSe 100 180 1072 [85]
Ni - 31 24 [86]
BisSs 36 1071 10713 This
study
CNT 30 22 [87]
14 1074 1077 [88]
14-18 107521072 10°85107°  [26]
8-12 107° 107° [73]
Graphene 25-58 - -
Graphite 8.8 6.8 1073 [71]
BiyS3/CNT 12 10~* 107 This
study
ABS CNT 3.6 1074 1077 [88]
PS BigsSbysTes 90 0.06 - [89]
BisSeq.3Tez 7
SEBS BiySs 22 10713 10713 This
study

semiconducting materials [78,80].

The energy generation using TE composites are some pA, pV in open
and short-circuit, respectively, and nW of output power [81,82], which
critically depends on the number of devices or temperature gradient
[81], however, it is rarely studied in articles related to TE devices.

Polymer-based (most of them intrinsic conductive polymers) com-
posites reinforced with conductive carbon-based and inorganic TE fillers
demonstrate a wide range of PF and Seebeck coefficients [76], the best
results for Seebeck coefficient and PF being in the order of 10% pV/K and
102 pV/(m~K2), respectively [76].

3.5. Thermoelectric energy harvesting

Evaluating the overall results of the neat polymers and composites,
summarized in Table 2, the samples with higher PF are the PVDF/
50BiyS3 and PVDF/50Bi,Tes for n- and p-type semiconductors, respec-
tively, excluding the ternary composites since their high PF values are
due to high electrical conductivity (Fig. 6A) and not related to high
thermoelectric properties (decreasing the Seebeck coefficient) of the
materials as represented in Fig. 9A. To evaluate the thermoelectric en-
ergy harvesting, thermocouples, with 1 and 2 pairs, were connected and
the generated output voltage was measured at 3 different temperatures
(27, 85, and 100 °C) using the system represented in Fig. 1. Both n- and
p-type samples used to generate energy have a width and length of 5 and
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48 mm respectively, and a thickness of 45-50 pm. In Fig. 9 it is repre-
sented the thermoelectric energy harvesting characteristics of the
polymer-based devices using 2 different load resistances (Ry) of 10 MQ
and 10 GQ. The device composed of 1 thermocouple (black bars) con-
nected to Ry, = 10 MQ showed a similar output voltage for the different
temperatures, near 3.5 mV. When the device is composed of 2 thermo-
couples (red bars), the output voltage increases from 1.4 V to 5.1 V for
temperature gradients of 27 and 100 °C, respectively. The TE voltage
increases with thermocouple pairs and also increases with increasing Ry,
=10 MQ to 10 GQ (Fig. 9A).

The generated power is represented in Fig. 9B, the output power
being very similar for 1 thermocouple connected to a load resistance of
10 MQ, near 1.3 pW. In the case of 2 thermocouples connected to an Ry,
= 10 GQ, the instant power was 0.2 nW and 2.68 nW for a temperature
gradient of 27 and 100 °C, respectively. These results are promising
when compared with the results of the literature, with the thermoelec-
tric energy harvesting systems being composed of several thermocouples
[75,90]. The device composed of 2 thermocouples reaches 2.68 nW of
power for the higher temperature gradient (100 °C) used in this work
which is similar to the higher values obtained for polymer-based ther-
moelectric devices [75]. The time required to reach such a high output
voltage is represented in Fig. 9C, for the 2 thermocouple systems at
different temperature gradients. It is observed that, at a given time, the
device presents a larger output voltage for larger temperature gradients.
In the case of AT = 27 °C, the output voltage tends to stabilize after 100 s
near 1V, increasing linearly for AT = 85 °Cat 1.5V for 250 s, although,
for the initial period, the output voltage is similar to the AT = 27 °C.
Increasing the temperature gradient (AT = 100 °C) a maximum voltage
near 5 V was obtained at 100 s. The strong increase of the output voltage
generated for a AT = 100 °C is related to the electrical conductivity
increase near 100 °C (Fig. 6A) [57].

3.6. Theoretical modeling

The TE energy harvesting performance of several thermocouples was
evaluated in a stationary study with several temperature gradients.
Simulations were performed considering a system with thermal insu-
lation where the only source of heat is the alumina, in which the cold
end temperature was fixed at 20 °C and the hot end temperature was
changed to 40, 60, 80, 100, and 120 °C. The n- and p-type materials were
connected with cooper electrodes as represented in Figure SIS (in SI)
then, due to the electrical insulation and current conservation, the
thermoelectric materials converted the thermal to electrical energy. The
two lower electrodes were connected to an electrical circuit (load
resistance) to evaluate the energy harvesting performance. The equa-
tions that describe all these physical principles are summarized in
Table SI1.

The thermoelectric energy harvesting performance of 1 pair is rep-
resented in Fig. 10A for a AT =100 °C. In Fig. 10B the output voltage for

A - B [ pairatR, of 10 MQ
5] [l 1 pair at R, of 10 MQ 15 pai L C-]JrR=10Ga
B 2 pairs at R, of 10 GO 1.5-{ I 2 paiirs at R, of 10 GQ 13 510
P L _ AT=100 °C
=4 1= 4
£ SC s =
= —1.04 2C
g3- 13 %g - gS-
o foiel g S
S 24 298 S L 21 AT=85°C
> 0.5- 1
J i 14
! ! AT=27 °C
0 T T T T T
007 85 10 O 00 85 10 0 0 50 100 150 200 250
AT( °C) AT (°C) Time (s)

Fig. 9. TE performance of a 1 (black) and 2 (red) thermocouples (PVDF/50Bi,S3-PVDF/50Bi,Te3) for several temperature differences: A) output voltage and B)
instant power for R, = 10 MQ and 10 GQ. C) TE output voltage for several temperature gradients for 2 thermocouples for a R;, = 10 GQ.
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Fig. 10. Simulated thermoelectric energy harvesting performance of a single thermocouple as a function of load resistance: A) output voltage, current and power for
a temperature gradient of 100 °C; B) output voltage; C) output current and D) output power for several temperature gradients.

all temperature gradients stabilizes for load resistance <1 kQ, increasing
for higher temperatures, and reaches a maximum output voltage of
~7.5 V for AT = 100 °C. In the case of output current, the typical
behavior is shown in Fig. 10C where the influence of temperature is
similar to that of the output voltage. The maximum output power occurs
at constant load resistance, independently of the temperature gradient,
as represented in Fig. 10D, reaching a maximum of ~47 nW for a AT =
100 °C and load resistance of ~315 Q.

The energy harvesting response for 2 and 4 thermocouples
(Figure SI6 and SI7) is similar to the one obtained for a single thermo-
couple, as represented in Fig. 10. The voltage, current, and power output
as a function of load resistance is shown (for 2 and 4 thermocouples) in
Fig. 11A and B for AT = 100 °C, respectively. The output voltage and
current (Fig. 11B) showed a similar influence of the temperature on the
output signals. A maximum voltage of ~27.5 V and a current of ~22.5
pA for a AT = 100 °C were obtained for 4 thermocouples. In the case of
output voltage, the increase of the number of thermocouples increases
the output signal by nearly 3.6 x when compared to 1 thermocouple, and
for the output current, a slight decrease was observed reaching ~23.3
pA. Finally, the output power was also enhanced with the increase of
thermocouple being ~47 nW for 1 thermocouple and increasing to
~163 nW (3.5 x higher) for 4 thermocouples when AT = 100 °C and
load resistance of ~1.25 kQ (Fig. 11B).

To predict the PVDF based thermoelectric energy harvesting per-
formance, a linear fit was extrapolated for the load resistance when the
maximum output power is obtained over the number of thermocouples.
The maximum output power was also evaluated as a function of the

11

number of thermocouples when AT = 100 °C is applied (Fig. 11C).

In both cases, a temperature gradient of 100 °C is applied, and the
fitting function showed good fitting parameters (Origin 9.4 software)
(Fig. 11D). It is shown that the increase in the number of thermocouples
increases the maximum load resistance linearly, mainly due to the in-
crease in the number of non-conductor materials (n- and p-type PVDF
materials). For the prediction of output power, an exponential function
shows a good fitting parameter (R2 = 0.999) considering that for a
higher number of thermocouples, the heat losses due to the non-
conductor behavior of the samples will lead to a lower increase in the
output power obtained for a high number of the thermocouples.

4. Conclusions

Thermoelectric energy harvesting materials based on semicrystalline
PVDF and amorphous SEBS have been selected as polymer matrix ma-
terials due to their extraordinary mechanical properties and ensure their
homogeneous filler dispersion and material structures.

This study demonstrates that the TE performance of the materials
critically depends on the filler type and contents. PVDF shows larger
dielectric and thermal conductivity than SEBS, for pristine polymers and
respective composites. Electrical conductivity increases near 9 orders of
magnitude for ternary composites, and the thermal conductivity is
higher for PVDF/50Bi;Te3 composite, 5x higher than pristine PVDF.
This slightly changes with temperature, mainly for PVDF composites at
temperatures larger than 100 °C, when semicrystalline PVDF shifts into
a rubbery state. Seebeck coefficient increases with increasing TE filler
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sponding values.

content, with the PVDF/80Bi,S3 the material that presents the highest
Seebeck performance. The Seebeck depends more on the filler type and
content than the host polymer. The ZT and PF of the different materials
were obtained, and the ternary composites, show an increase near 9
orders of magnitude higher than polymers, reaching PF ~ 107> uW/
(m-K?). SEBS composites present TE with similar behavior to PVDF.

Finally, when a thermocouple pair using the n- and p-type materials
with the best performance (PVDF/50Bi,S3 and PVDF/50BizTes), for a
device composed of 2 thermocouples, the Pyt ~ 2.7 nW and Vo ~ 5V
for AT = 100 °C, similarly result when is charged a capacitor.

In the theoretical model developed, the results obtained concur with
the demonstrated experimental results. The electrical energy generation
depends on the temperature gradient and, in a proof-of-concept appli-
cation, on the number of pairs, as well as their intrinsic performance.
The extrapolated load resistance and the respective maximum output
power can also be used to tailor the polymer-based thermoelectric en-
ergy harvesting as a successful power source for low-power devices.
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