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In the present study, thermoelectric properties of composites formed by poly
(3,4-ethylenedioxy thiophene):poly (styrene-4-sulfonate) (PEDOT:PSS)/boron
phosphate (BPO,) were studied. First, BPO, was synthesized at 1000°C using
boric acid and phosphoric acid as precursors. Later, PEDOT:PSS was syn-
thesized by oxidative chemical polymerization reaction at room temperature.
Their composites were prepared in different mass ratios by ultrasonic
homogenization. The composites were characterized using ultraviolet—visible
(UV-vis.), attenuated total reflection accessory attached Fourier transform
infrared (FTIR-ATR) spectroscopy, X-ray diffraction (XRD), and scanning
electron microscopy/energy dispersive X-ray analyzer (SEM-EDX). The power
factor of the sample was obtained using the electrical conductivity and See-
beck coefficient measurements. The positive sign of Seebeck coefficient of the
pristine PEDOT:PSS turned to the negative, which is the characteristic of n-
type material, by addition of BPO,4. The power factor of PEDOT:PSS was in-
creased from 0.03 yWm ! K 2 t0 252 yWm ! K2 for the composite containing
25% BPO, by weight. This indicates that BPO, can be a good additive to
prepare n-type TE material.
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INTRODUCTION

Thermoelectric (TE) power generation is an easy
way to convert thermal energy directly to electrical
energy.! TE generators have very attractive fea-
tures such as light weight, low noise level, long
lifetime and non-polluting for the environment. As
global warming has increased, interest in TE gen-
erators, which consume waste heat, has increased,
and therefore, the need to prepare efficient TE
materials has increased significantly in recent
years. The energy conversion efficiency of TE mate-
rial is determined by the dimensionless figure of
merit:

ZT = S?¢T/x (1)
where o, S, x, and T are related to electrical
conductivity, Seebeck coefficient, thermal conduc-
tivity, and absolute operating temperature, respec-
tively (Eq. 1).27*

A TE generator is fabricated using p- and n-type
TE material pairs. The main charge carriers of p-
type materials are holes, while those of n-types are
electrons. Although there has been a great improve-
ment in p-fype materials recently, n-type materials
are far behind compared to their counterparts due
to their electron trapping problem.®

The traditional TE materials developed since the
1950s to the present are generally inorganic com-
pounds including metal chalcogenides (PbTe,
BiyTes),>” metal oxides (Na,CoOo, Zn0),>° and
silicon-based materials (SiGe, Mg,Si).!%!! Although
inorganic TE materials have high ZT values, their
use is limited because of the high cost, stiffness,
toxicity, scarcity, and poor processability.'? Because
of these disadvantages, many researchers focused
on the development of polymeric TE materials,
which are thought to overcome these drawbacks.

Conductive polymers are attractive as candidates
for TE materials due to their low cost, good electri-
cal conductivity, low thermal -conductivity,
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flexibility and applicability in a wide range of
applications.'® The main parameter used to
determine the TE performance for polymers is the
power factor (PF = S%6) instead of ZT. This is
because measurement of the thermal conductivity of
polymers is challenging and their thermal conduc-
tivity is low, close to each other, and do not change
significantly with inorganic additives (0.1-
0.3 Wm ! K 1).1%16 Although the most promising
conductive polymer is poly (3,4-ethylenedioxy thio-
phene):poly (styrene-4-sulfonate) (PEDOT:PSS), its
power factor of is not high enough.

Hybrid composites stand out as important mate-
rials due to the ability to produce high TE perfor-
mance materials by combining the superior
properties of the conductive polymers and inorgan-
ics. The addition of inorganic TE materials can
increase TE performance since they have relatively
better Seebeck coefficients compared to conductive
polymers. To improve the TE performance of
PEDOT-PSS, several composites were synthesized
using inorganic TE materials such as BiyTe; ¢ and
Te 7 or oxides such as CaS»Co409 18 and sulfides
such as CuygS '° and TiS,.?° However, Bi and Te
are increasingly scarce and expensive, whereas the
stability of TiS, is not long enough at ambient
conditions since it is sensitive to heat, moisture and
oxygen in atmosphere. Therefore, there is still a
need to find polymeric TE materials including
inorganic particles which are abundant, sustain-
able, inexpensive and stable at ambient conditions.

Among the inorganic additives, boron rich com-
pounds have a potential to be used as a TE material
because of their stability even in corrosive and
acidic conditions at high temperature.?! Chen et al.
reported that the Seebeck coefficient of hexagonal
boron nitride/graphene composites reached from
50 uVK ! up to — 99.3 uVK ! by the addition of
boron nitride.?> Wang et al. reported that the
addition of boron nitride nanosheet (BNN) layers
increased the power factor of PEDOT:PSS from
45.1 uW m~* K2 to 100.1 xWm * K223 Moreover,
the high melting points of boron compounds provide
superiority to all other semiconductors and can
operate at high temperatures.?*

BPOy is an isomorphous with f-cristobalite struc-
tured boron compound that is synthesized by heat-
ing a mixture of boric acid and phosphoric acid at
temperatures between 25°C and 1000°C.%° It is
stable when the synthesis temperature is above
600° C and it is not affected by moisture but it can
be dissolved in water if it is synthesized at lower
temperatures. Mikhailenko et al., reported that the
conductivity of BPO, in water was between 103
and 1072 Scm *.%¢

In the present study, we studied the change of TE
properties of PEDOT:PSS with BPO, to obtain a
stable TE material that can be used around room
temperature.
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MATERIALS AND METHODS
Materials

3,4-ethylenedioxythiophene (EDOT) (97%) was
purchased from Acros Chemicals. Poly (styrene-4-
sulfonate) (PSS) (Mw 70,000, 30 wt. % in H50),
ammonium persulfate (APS) (98%) and o-phospho-
ric acid (H3PO,) (85%) were purchased from Merck,
Germany. Boric acid (H3BOj3) (min. 99.9%,) was

purchased from ETI Maden, Turkey.

Synthesis of BPO,4

BPO,4 was synthesized as described in the litera-
ture.? Boric acid and o-phosphoric acid were used
as precursors with B/P mole ratio of 1:1.4. Appro-
priate amounts of H3BO3 and H3PO,4 were stirred at
90°C until white creamy foam appears. After that,
the mixture was heated at 1000°C for 24 h. The
obtained white powder was washed with hot dis-
tilled water to remove impurities and dried in an
oven at 60°C.

Synthesis of PEDOT:PSS

The polymerization of EDOT was conducted in
the presence of PSS. First, 3.3 mL of PSS solution
was added to 40 mL of distilled water. This was
followed by the addition of 0.375 mL EDOT
(3.5 mmol) to the solution so that EDOT:PSS mass
ratio was 1:2. Polymerization was accomplished by
adding dropwise 10 mL of ammonium persulfate
solution to the mixture. (EDOT:APS mole ratio is
1:2). After the reaction proceed at ambient condi-
tions for 16 h, PEDOT:PSS was obtained as a dark
blue solution. Polymer solution was purified with
ion-exchange resin to remove impurities and filtered
0.45 ym PVDF syringe filter.

Preparation of PEDOT:PSS/BPO4 Composites

PEDOT:PSS/BPO, composites were prepared by
ultrasonic homogenization to contain 10%, 15%,
20%, 25%, 33%, and 50% BPO, by mass. The
composite films were prepared on glass substrates
by drop-casting from a suspension containing 1.0%

PEDOT:PSS

\/\/\/\/\/WN PEDOT:PSS/BPO,
1 (33%wt BPO,)

2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm'1)
Fig. 1. FTIR-ATR spectra of BPOQO,, pristine PEDOT:PSS and
PEDOT:PSS/BPO, composite with 33% BPOQO,.
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Fig. 2. UV-vis spectra of pristine PEDOT:PSS and PEDOT:PSS/BPO, composites in the ratios given in the label.
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Fig. 3. XRD spectra of BPO,, pristine PEDOT:PSS, and PEDOT:PSS/BPO, composite with 33% BPO,.

solid by mass in water. Before the casting process,
the glass substrates (2.5 x 2.5 cm) were washed
with piranha solution, acetone and distilled water,
respectively. Finally, composite films were dried in
an oven under vacuum at 50°C for 12 h.

Characterization

The samples were characterized by FTIR (Thermo
Fisher Scientific Nicolet IS10) and UV-—vis (Shi-
mazdu UVmini-1240) spectra. The crystalline struc-
ture of the samples were obtained by using XRD
with Cu Ko radiation (1 = 1.54 A) (T&T TT-90 X-ray
diffractometer, operated at 30 mA and 40 kVP
MAX). Silicon wafer substrates were used for the
deposition of the samples. The distribution of the
elements in the composites was investigated by
scanning electron microscopy with energy disper-
sive X-ray spectrometry (SEM—-EDX) (Zeiss EVO®

LS 10). Conductivity and Seebeck coefficient mea-
surements were carried out using an FPP 470 model
four-point probe (Entek Electronic, Turkey) and
Seebeck coefficient measuring device (Entek Elec-
tronic, Turkey).

RESULTS AND DISCUSSION

The FTIR-ATR spectra of BPO,, PEDOT:PSS and
the composite with PEDOT:PSS/BPO, with 33%
BPO, are shown in Fig. 1. For BPO,, the peaks in
the range of 1100-1000 cm ! are assigned to asym-
metric tetrahedral B-O stretching while the geaks
at around 600 cm ! belong to O-B-O bending.

In the spectrum of the composite, the adsorption
band at 1580 cm ! corresponds to C=C stretching of
the phenyl side group of PSS and the quinoid groups
of PEDOT at 1492 cm ' while the bands at
1290 cm ! and 876 cm ™! are assigned to C=C, C-
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Fig. 4. SEM and EDX mapping images of PEDOT:PSS/BPO, with 33% BPO, by weight.
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Table I. EDX spectra of PEDOT:PSS composite with 33% BPO,4 by weight

Element Theoretical (wt%) Experimental (wt%)
Boron 3.4 4
Phosphorous 9.8 12
Carbon 51.5 46
Sulphur 19.5 18

C, and C-S stretching of the thiophene ring, respec-
tively,?® whereas the bands at 1180 cm ! and
1030 cm ! belong to S-O and S-phenyl stretch-
ing.?With the addition of BPO,, the peaks at of
C=C, C-C, and C-S at 1492 cm !, 1290 cm ™! and
876 slightly shifted to higher wavenumbers (blue-
shift) compared to pristine PEDOT:PSS. These
shifts may indicate the interfacial interaction
between the polymer matrix and BPO,.?° Therefore,
it can be stated that the composites are stable be-
cause of the blueshift.

The UV-vis spectra of pristine PEDOT:PSS and
the composites are illustrated in Fig. 2. The con-
centrations of the each samples in the aqueous
solution were kept the same during analyses. The
curves were artificially shifted upwards to be seen
more clearly. In the PEDOT:PSS spectrum, neutral
and polaron regions show bands at 600 and 900 nm,
respectively, while the bipolarone state shows a
band around 1200 nm in the NIR region.?"* In the
spectra, it can be seen that the composites with 50%,
33%, and 25% BPO4 have absorption bands tailing
up to 900 nm. This broad band increasing to 900 nm
represents polaron transitions, called the free
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carrier tail. The transfer of the band from between
400-600 nm towards 900 nm indicates an increase
in conductivity. The peak intensities of polaron
bands of the composites increase considerably com-
pared to pristine PEDOT:PSS by the addition of
sufficient BPOy, . It can be stated that BPO, acts as a
dopant for PEDOT:PSS since the amount of delo-
calized polarons is increased considerably with the
addition of BPO,.

The XRD patterns given in Fig. 3 are used to
determine the crystalline structure of the samples
synthesized in this study. Sharp peaks are observed
at 24.75°, 27.05°, 29.36°, 40.23°, 49.16°, 50.44° and
63.95° in the spectrum of BPO, given in Fig. 3a. The
peak positions are in good agreement with the XRD
pattern of the standard BPO,.?® This reveals the
purity of the BPO, synthesized in this study.

The crystallite size and structure of BPO4 parti-
cles were determined using the Scherrer formula

kA
e p cos @)

where 1, k, 4, ©, and f§ correspond to crystallite size,
the shape factor (0.9), the X-ray wavelength, the
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Fig. 5. Conductivity, Seebeck coefficient and power factor of BPO,, pristine PEDOT:PSS and PEDOT:PSS/BPO, composites at various

compositions.

Table II. Seebeck coefficients and power factors of some hybrid composites in literature

Seebeck coefficient

Power factor

Polymer Additive Type (uVK™hH (uWm™K™2) References
PEDOT:PSS - p 14.6 0.03 This study
PEDOT:PSS BPO, (33%) n — 1360 88.8 This study
PEDOT:PSS BP0 4(25%) n - 915 252 This study
PEDOT:PSS HCI Rinsing of n ~ — 120 ~ 80 4
BizTe3
Polyvinylidene Fluoride Cuyg 1BisSes n — 84 103.2 87
(PFDF)
Poly(vinylidene fluoride) BiySes n - 90 40.1 87
Poly(vinylidene fluoride) Ni n — 20.6 220 38
PEDOT:PSS TiS, n — 1080 1516 20
PEDOT:PSS Cuy S D 7000 2646 19
PEDOT:PSS Te D 114.97 284 13
PEDOT:PSS SbsTes D ~ 130 336 39
PEDOT:PSS BiyTes p ~ 150 130 4
PEDOT:PSS Te D ~ 200 ~ 110 40
PEDOT:PSS Ge D 398 154 41
PEDOT:PSS Te NWs D 163 70.9 1

Bragg angle and the FWHM in radians.®* The
crystal structure of BPO4 was found to be tetragonal
with unit cell parameters a = 4.332 + 0.01 A and
¢ = 6.640 £ 0.01 A (JCPDS card No: 00-034-0132).%"
The average grain size of BPO, was found to be
54.06 nm according to the Scherrer formula.

It was reported that a power factor can be
enhanced by adding nano-particles into the con-
ducting polymers.>®> Therefore, composites are
expected to show better TE performance compared
to pristine PEDOT:PSS.

In the spectrum of the composite (Fig. 3b), two
sharp and intense peaks appeared at 32.74° and

37.78° , whereas an amorphous halo of PEDOT:PSS
disappeared. The peaks at 32.74° and 37.78° may
indicate the crystallinity of PEDOT as a result of
layered stacking of the polymer chains under the
effect of BPO, 3

SEM-EDX mapping images of PEDOT:PSS/BPO,
composite with 33% BPO4 were illustrated in Fig. 4.
SEM image shows that the BPO, in the composite is
in the form of crystal particles. EDX mapping
images were given to reveal the distribution of B,
C, P, and S atoms in the composites. The images
indicate that the elements of both components were
distributed homogenously. In addition, the
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homogeneous distribution of B and P proves that
BPO, particles in the composite are evenly dis-
persed. The percentage of the elements in the
composition from EDX experimental data is given
in TableI together with that calculated
theoretically.

The conductivity was measured at room temper-
ature while the Seebeck coefficient was measured
such that the temperatures of the two ends of the
samples were 293 and 343 K. Then, the power factor
of the samples was calculated as a product of the
conductivity and squared of the Seebeck coefficient.
The values of measured conductivity and Seebeck
coefficient and the calculated power factor were
given in the Fig. 5.

The conductivity and Seebeck coefficient of pris-
tine PEDOT:PSS are 1.25 Sem ™! and 14.6 uVK*,
respectively. Among the measured conductivity
values, the highest one was 3.01 Scm ! which
belongs to the composite with 25% BPO4. All the
composites have negative Seebeck coefficients speci-
fic to n-type semiconductors, which may be due to
the behavior of phosphorus atoms in BPO, as n-type
dopant for PEDOT:PSS. Among the samples, the
largest Seebeck coefficient was measured as — 1360
VK1 for the composite containing 33% BPO,. The
conductivity and the Seebeck coefficient values of
the same samples remained unchanged for two
months. The large Seebeck coefficient significantly
affects the TE properties of the material since power
factor is a value that increases in proportion to the
square of the Seebeck coefficient. For this reason, all
analyses were applied to the sample showing the
highest Seebeck coefficient. In general, as the
charge carrier concentration increases, the electri-
cal conductivity increases, but the Seebeck coeffi-
cient decreases due to the interdependence between
conductivity and Seebeck coefficient.> The results
given in Fig. 5 conform to this relationship except
for composites containing 10% to 25% BPO,. The
calculated power factor increased from 0.03
tWm K2 for pristine PEDOT: PSS to 252
Wm K2 which belongs to the composite contain-
ing 25% BPO4. A comparison of the Seebeck coeffi-
cients and power factors obtained in this study with
the data reported for the composites of PEDOT:PSS
and some fluorinated polymers in the literature is
given in Table II. Among the n-type composites in
Table II, it is seen that the largest Seebeck coeffi-
cient is -1360 uVK !, which belongs to the compos-
ite containing 33% BPO, prepared in this study.

CONCLUSION

The conductivity of the pristine PEDOT:PSS
increased from 1.25 Scm ™! to the highest value of
3.01 Sem ™! with the addition of 25% BPO, by
weight.

While pristine PEDOT:PSS was p-type, compos-
ites obtained by adding BPO, changes to n-type
material. More specifically, the Seebeck coefficient
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of pristine PEDOT:PSS changes from 14.6 xVK ' to
-1360 VK ! which is the largest value obtained for
the composite with 33% BPO, by weight.

The power factor of pristine PEDOT:PSS is
enhanced from 0.03 yWm ' K2 to 252 yWm ' K2
by addition of 25% BPO4 by weight. In other words,
the power factor of pristine PEDOT:PSS can be
enhanced more than three orders of magnitude by
adding 25% BPO,4 by weight.

Finally, by adding BPOy, it is possible to produce
stable, non-toxic, inexpensive and sustainable n-
type PEDOT:PSS-based TE composite materials.
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