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Abstract:

Thermoelectric technology is used to convert heat energy to electric energy and vice versa, which is an interesting technology to recover elec-

ic energy from waste heat. In this s , we focused on a tern: rid system consisting of carbon nanotubes, polymers, an nano-
tri gy fi te heat. In this study, we focused ternary hybrid syst ting of carb tubes, poly: d Ag

plates. The Seebeck coefficient hardly changed even when poly (V-vinyl-2-pyrrolidone)(PVP)-protected Ag nanoplates were used. On the

other hand, the conductivity was improved by adding the Ag nanoplates. The power factor of the hybrid film in the presence of PVP-Ag

nanoplates was 1.2 times higher than that without Ag. Further improvement was achieved by changing the protective agent for the Ag nano-
plates from insulating PVP to conductive poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate)(PEDOT:PSS). Based on these results, it

was found that the thermoelectric properties were improved by adding the protected Ag nanoplates, especially those protected with PE-

DOT:PSS.

Keywords:  Silver Nanoplates, Carbon Nanotubes, Conductive Polymer, Hybrid Thermoelectric Materials

Polymer electronics has currently become an attractive and rapid-
ly growing field.” As an alternative to inorganic materials for use in
electronics, organic polymer materials have several advantages such
as low cost, flexibility, light weight, and printability, and much effort
has been devoted to their development for applications including
light-emitting diodes,*¥transistors,** touch sensors,*” and photo-
voltaic cells.*” One of the most widely used polymers in this field is
poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS) due to its high electrical conductivity. Meanwhile, PE-
DOT:PSS has recently attracted increasing attention as a p-type
organic thermoelectric material. 1%

Our group has been studying the development of polymer-based

1417 The thermoelectric conversion effi-

thermoelectric materials.
ciency is defined as the dimensionless figure of merit, i.e. the Z7"
value.
ZT=(Sc/x)T

where S, 6,k and 7T are the Seebeck coefficient, electrical conduc-
tivity, thermal conductivity and absolute temperature, respectively.
Thermoelectric materials with a high Z7" and power factor, PF
(=8%c)are desirable, yet there remains a trade-off between the ¢ and
§. In the area of thermoelectrics, highly conducting PEDOT:PSS
films are also becoming popular and are often used as a p-type ther-
moelectric material.’®2” We believe that use of organic-inorganic
composite materials is one of the effective routes to improve the
thermoelectric properties and consider PEDOT:PSS to be a suitable
matrix. For example, we previously reported the thermoelectric

properties of the composite thin films of PEDOT:PSS containing

several types of metal nanoparticles as the inorganic component.'¥)

The effects of the addition of Au nanoparticles with different pro-
tecting ligands or different particle shape (spherical or rod) into the
PEDOT:PSS film were examined, revealing that some additives can
contribute to improvement of the thermoelectric properties, proba-
bly due to an increase in the carrier mobility or control of the carrier
concentration. Xin e al. reported the functionalization of carbon
nanotube (CNT) sheet as a flexible substrate by gold nanoplates.?)
On the other hand, Ag nanomaterials have been of interest in the
photographic science. In this study, we focused on a ternary hybrid
system consisting of PEDOT:PSS, CNTs, and Ag nanoplates.
Silver (I) nitrate (AgNO,), poly (N-vinyl-2-pyrrolidone)(PVP,
MW = 40000), sodium borohydride, sodium citrate, and hydrogen
peroxide were purchased from FUJIFILM Wako Pure Chemical
Co., Ltd. The poly (3,4-ethylenedioxythiophene):poly (styrenesul-
fonate)(PEDOT:PSS) aqueous solution (Clevios™ PH1000; 1 : 2.5
= PEDOT:PSS ratio (w/w)) was purchased from H.C. Starck with
the solid content of 1.0-1.3 wt% in water. The polyimide film was
kindly supplied by UBE Industries, Ltd., Japan. All chemicals were
used without any further purification. Deionized water (18.2
MQ:-cm) was used for all the aqueous solutions. The PVP-protected
Ag nanoplates were synthesized by a hydrogen peroxide method.??
The nominal molar ratio, R=PVP (monomer unit of PVP) / silver (I)
nitrate was 0.7. A solution of AgNO; (0.025 mmol, 4.25 mg) in 0.1
mL PVP aqueous solution (0.0175 mmol in PVP monomer unit),
sodium citrate (96.8 mg, 0.375 mmol), 30 wt% hydrogen peroxide
(0.06 mL) and H,0 24.5 mL was stirred under a N, atmosphere at
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room temperature. An aqueous solution of 0.1M sodium borohy-
dride aq. (0.25 mL, 0.025 mmol) was then rapidly injected into the
solution, and the mixture was stirred for 30 min. The PE-
DOT:PSS-protected Ag nanoplates were prepared in the similar
manner. A solution of AgNO, (0.025 mmol, 4.25 mg) in 0.1 mL
PH1000/water (v/v=1/13.6, 0.0175 mmol in PEDOT:PSS mono-
mer unit), sodium citrate (96.8 mg 0.375 mmol), 30 wt% hydrogen
peroxide (0.06 mL) and H,O 24.5 mL was stirred under a N, atmo-
sphere at room temperature. An aqueous solution of 0.1M sodium
borohydride aq. (0.25 mL, 0.025 mmol) was then rapidly injected
into the solution, and the mixture was stirred for 30 min. Total liquid
volume was 24.91 mL and then characterized by UV-Vis absor-
bance measurement. The UV-Vis absorption spectra of the Ag
nanoplates were measured by a Shimadzu UV-2500PC recording
spectrophotometer using a quartz cell with a 10-mm optical path
length. Transmission electron microscopy (TEM) images were ob-
tained by a JEM 1230 instrument (JEOL, Tokyo, Japan) at the ac-
celerated voltage of 80 kV. The TEM sample was prepared by drop-
ping the dispersion solution onto copper grids coated with a thin
carbon film.

The PEDOT:PSS / CNT (6/4) hybrid films containing various
weight ratios of PVP-protected Ag nanoplates were prepared by the
drop-cast method. PEDOT:PSS aqueous solutions (Clevios™
PH1000) containing 0.01-5.0 wt% of Ag nanoplates were sonicated
(Ultrasonic Cleaner, TAITEC) for 30 min. Homogeneous Ag nano-
plates dispersions with different weight ratios of solids were ob-
tained. One of the Ag nanoplates dispersion (0.8 mL/cm?) was
drop-cast on a polyimide sheet, which was placed on a hot plate at
40 °C for 12 h. The surface of the film was then covered with a small
amount of ethylene glycol (0.24 mL/cm?), dried at 90 °C for 12 h,
then at 130 °C for 30 min,®?* resulting in dry PEDOT:PSS / CNT
(6/4) hybrid films containing PVP-protected Ag nanoplates with a
5.0£1.0 pm thickness. The thermoelectric properties of the thermo-

electric conversion films were measured at least 5 times each by a
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Figure 1 UV-Vis absorption spectra of colloidal dispersions of
PVP-protected Ag nanoparticles (yellow line) and Ag

nanoplates (green and blue lines).

ULVAC ZEM-3 MS instrument (ULVAC-RIKO Inc., Yokohama,
Kanagawa, Japan) purged with He at 330-390 K. The PEDOT:PSS
/ CNT (6/4) hybrid films containing various weight ratios of PE-
DOT:PSS-protected Ag nanoplates were prepared by the same
method.

Colloidal dispersions of the PVP-protected Ag nanoplates were
prepared by the Zhang ez a/. reduction method of a mixed solution
of silver (I) nitrate and PVP in water.?? The color of the dispersions
of the PVP-protected Ag nanoplates changed from light-yellow to
deep-yellow, purple, green, and finally blue after the addition of so-
dium borohydride. No aggregates or sediments were observed in the
prepared PVP-protected Ag nanoplates. The time-dependant UV-
vis absorption spectra of the mixture of silver (I) nitrate, PVP, sodi-
um borohydride, sodium citrate, and hydrogen peroxide are shown
in Figure 1. Since the solution of silver (I) nitrate has no absorption
above 230 nm, the reduction of Ag (I) ions to form PVP-protected
Ag nanoparticles can be supported by the absorption at 423 nm due
to the plasmon oscillation characteristic of the Ag nanoparticles
(Figure 1 yellow line). The intensity of the characteristic peak at
423 nm of the spherical nanoparticles quickly decreased, indicating
their decline of nanoparticles during the reaction. At the same time,
another peak at 600 nm emerged and gradually red-shifted to longer
wavelengths, implying the formation and growth of the Ag nano-
plates. The formation and development of Ag nanoplates took about
20-30 min. We previously reported the preparation of PE-
DOT:PSS-protected noble metal nanoparticles. > In this study, we
used PEDOT:PSS instead of PVP as a stabilizer of the Ag nano-
plates as shown in Figure 2. In Figure 2, yellow line, the absorption
spectrum, has the main characteristic peak at 400 nm of the spher-
ical nanoparticles, the shoulder peak at around 330 nm attributed to
the out-of-plane quadrupole of Ag nanoplates,® and the broaden-
ing peak above 500 nm due to PEDOT:PSS itself. The peak at
400 nm is in roughly agreement with PVP-protected Ag nanoparti-
cles. Red-shifts together with broadening of the surface plasmon
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Figure 2 UV-Vis absorption spectra of colloidal dispersions of PE-
DOT:PSS-protected Ag nanoparticles (yellow line) and
Ag nanoplates (green line).
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band of Ag particles are observed at 20 min of the reaction time
(Figure 2 green line). The disappearance of the shoulder peak at
around 330 nm in Figure 2 green line may be due to the diminished
thickness of the layer of PEDOT:PSS-protected Ag nanoplates.

Figure 3 shows the transmission electron micrographs and the
corresponding histograms indicating the particle size distributions
of the PVP-protected Ag nanoplates. Particles in the PVP-protect-
ed Ag nanoplates have an average diameter of 19.8 nm and mainly
distribute within the range of about 5-25 nm accompanied with
small nanoparticles. On the other hand, the average diameter of PE-
DOT:PSS-protected Ag nanoplates was 28.9 nm and was lager
than that of the PVP-protected Ag nanoplates, as shown in Figure
4.'The colloidal dispersion of metals can be stabilized by the addition
of water-soluble natural or synthetic polymers,?” surfactants,”® and
organic ligands® etc. These stabilizers are called protective colloids
or surrounding ligands. In this case, the surrounding ligands can be
adsorbed on the surface of metallic nanomaterials, and steric repul-
sion between the surrounding ligands stabilizes the metallic nano-
materials. The protection ability is expressed by the gold number and
the protection value. The protection value of PVP is 50 and is high
among the synthetic polymers.’” On the other hand, the protection
ability of PEDOT:PSS for Ag nanoparticles was reported by Dai e#
al3) The protection ability of PVP for metal nanoparticles may be
generally stronger than that of PEDOT:PSS. In fact, PVP has been
used by many researchers as a protective polymer. The small average
diameter of the PVP-protected Ag nanoplates may be due to the
highly protective ability.

Recently, Nakai ez a/. reported that purified semiconducting sin-
gle-walled CNTs have a high Seebeck coefficient, which made them
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Figure 3 Transmission electron micrograph and particle size histograms of
PVP-protected Ag nanoplates. Ave = average diameter, Std = stan-
dard deviation.
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suitable for use as flexible thermoelectric materials.®? We investigat-
ed the thermoelectric properties of the PEDOT:PSS / CNT hybrid
film containing Ag nanoplates using the Seebeck coefficient / elec-
tric resistance measurement system. Figure 5 summarizes (a) the
Seebeck coeflicient §, (b) the electrical conductivity o, and (c) the
power factor PF (=§%c)at 345 K of PEDOT:PSS / CNT films con-
taining various weight ratios of the PVP-protected Ag nanoplates
and PEDOT:PSS-protected Ag nanoplates. All of the films show a
p-type conduction, and the Seebeck coefficient does not change or
only slightly increases with the PVP-protected Ag nanoplates. The
electrical conductivity increased from 441 to 519 S em™ according
to the increase in the PVP-protected Ag nanoplates content from
0.0 to 0.01 wt%. The highest power factor, 51.8 pW m™ K72, was
observed at 0.01 wt% PVP-protected Ag nanoplates. Yoshida ez a/.
reported the PEDOT:PSS films containing rod-shaped Au na-
norods as organic-inorganic hybrid thermoelectric materials.'
Salah ez al. recently showed that the nanocomposites of ultra-thin
copper oxide nanosheets and single-wall carbon nanotubes could be
produced and studied for their thermoelectric properties.**Incorpo-
rating a small amount of CNTs into the matrix of CuO nanosheets
enhanced the thermoelectric properties. In general, particles with a
large aspect ratio and CNTs can easily build a percolated struc-
ture.3*% The formation of such a percolated structure gives rise to
many connections between the materials and consequently increases
the number of paths (network) for carrier transfer, leading to an en-
hancement of the electrical conductivity.

We next, investigated the thermoelectric properties of the PE-
DOT:PSS / CNT hybrid film containing PEDOT:PSS-protected

Ag nanoplates. The Seebeck coefficient in the presence of the PE-
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Figure 4 Transmission electron micrograph and particle size histograms of
PEDOT:PSS-protected Ag nanoplates. Ave = average diameter,
Std = standard deviation.
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Figure 5 (a) Seebeck coefficient, (b) electrical conductivity and (c) thermoelectric power factor at 345 K of PEDOT:PSS / CNT hybrid film (white) and PE-
DOT:PSS / CNT hybrid film containing various weight ratios of PVP-protected Ag nanoplates (gray) and PEDOT:PSS-protected Ag nanoplates

(black).
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DOT:PSS-protected Ag nanoplates (33.7 pV K™?) was almost un-
changed. The electrical conductivity of the PEDOT:PSS / CNT
films increased from 441 to 554 S cm™ in the presence of the PE-
DOT:PSS-protected Ag nanoplates. The highest power factor, 63.1
pW m™ K2 was observed for the 0.01 wt% PEDOT:PSS-protected
Ag nanoplates; the carrier flow within the film was accelerated by
adding a small amount of the conductive PEDOT:PSS-protected
Ag nanoplates. We previously reported the thermoelectric proper-
ties of PEDOT:PSS films containing polymer-protected metal
nanoparticles.” The power factor of PEDOT:PSS films in the pres-
ence of PEDOT:PSS-protected Ag nanoparticles(32.0 pW m™ K2)
was larger than that in the absence of Ag nanoparticles (27.8 uW
m™ K?). The improvement rate of power factor in PEDOT:PSS /
CNT hybrid films containing PEDOT:PSS-protected Ag nano-
plates (1.48 times) was larger than PEDOT:PSS films containing
PEDOT:PSS-protected Ag nanoparticles (1.17 times). The electri-
cal conductivity of the films containing the metal nanomaterials
with the conductive layer increased with increasing metal concentra-
tion, i.e., the power factor improved. Because these results implies
that the carrier hopping barrier decreases, i.e. the electrical conduc-
tivity increases, in the metal nanoparticles system, PE-
DOT-PSS-protected metal nanoparticles entered between the PE-
DOT molecules promoted one-dimensional carrier conduction
within PEDOT-PSS films. In this study, we designed a suitable
metal-conductive polymer interface within the thermoelectric con-
version film and realized a smooth carrier transport by using a small
amount of the PEDOT:PSS-protected Ag nanoplates. The films of
the ternary organic-inorganic hybrid thermoelectric materials with a
high thermoelectric performance can be easily manufactured by
drop-casting and drying the corresponding dispersions. Ag nano-
materials have been of interest in the photographic science and will
be expected to be applied to new functional materials. Thus, they are

expected to be useful for practical applications in the near future.
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