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Conducting polymer thermoelectric (TE) materials have received great attention due to their unique
properties. In this work, polypyrrole (PPy)/single-walled carbon nanotubes (SWCNTs) composite films
with improved TE performance have been prepared by chemical interfacial polymerization at the
cyclohexane/water interface under a controlled temperature. Attributed to the smooth surface, higher
conjugation length and more ordered molecular structure of the interfacial polymerized PPy film, the
electrical conductivity can be as high as ~500 S cm™. To further enhance the TE properties of PPy,
SWCNT was added to construct a PPy/SWCNTs composite. Due to the synergistic effect between the
two phases and the energy filtering effect at the interfaces between PPy and SWCNTs, the Seebeck
coefficient of the composite enhanced significantly with the increase SWCNTs content. The composite
shows an optimal power factor of 37.6 + 2.3 pW mK~2 when the content of SWCNTs is 0.8 mg. This
value is one of the largest values among the reported PPy based composites fabricated by the chemical
polymerization method. The results indicate that interfacial polymerization under a controlled
temperature is a promising way to improve the TE performance of conducting polymer based composite

rsc.li/rsc-advances materials.

Introduction

Thermoelectric (TE) energy conversion technology which can
directly convert heat into electrical energy in a reliable and eco-
friendly manner is regarded as a new energy generation tech-
nology to realize the recycling of waste heat."® The conversion
efficiency of TE materials is determined by the dimensionless
figure of merit, ZT' = S*oT/x, where ¢ is the electrical conduc-
tivity, S is the Seebeck coefficient, « is the thermal conductivity,
T is the absolute temperature, and S%¢ is the power factor,
respectively. Traditional inorganic semiconductors, such as
Bi,Te;, PbTe, and SnSe are the most widely used TE materials
due to their high TE power factor.”® However, the high cost,
difficulty of processing, and scarcity of their raw materials limit
their wide application.

In recent years, organic materials, especially conducting
polymers have attracted increasing attention as a new type of TE
material owing to their unique superiorities, such as light-
weight, abundance resource, easy synthesis, and low thermal
conductivity.”** Typical conducting polymers, such as polyani-
line (PANi) and poly(3,4-ethylenedioxythiophene) (PEDOT) are
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the most extensively investigated organic TE materials for their
tuneable electrical conductivity and Seebeck coefficient, and
some reported TE performances even can comparable to that of
the Bi,Te; at room temperature. For example, through opti-
mizing the oxidation level of PEDOT:tosylate film, a maximum
power factor of 324 pW mK 2 has been obtained with a ZT value
of 0.25;' the PEDOT/Bi,Te; hybrid films with monodispersed
and periodic Bi,Te; nanophase showed a power factor as high
as ~1350 yW mK > with a ZT of 0.58 at room temperature;'* the
PANi/graphene/PANi/CNT composites with an ordered molec-
ular structure showed a power factor of 1825 uW mK ;' the
PANi/SWCNTs composite films with a highly ordered structure
showed a power factor of 217 pW mK 2%

Among various conducting polymers, polypyrrole (PPy) has
been used in the field of biosensors, flexible batteries, solid
electrolytic capacitors etc. due to its excellent properties, such as
ease of synthesis, chemical stability, relative environmental
stability, and biocompatibility.'**® Also, the TE properties of
PPy has been studied, however, the conductivity of the PPy
prepared by ordinary chemical/electrochemical polymerization
is generally very low, in the range of 10™® to 10" S cm™*',2*%
which has resulted in low TE properties when compared with
other conducting polymers like PEDOT and PANi. For example,
Bharti et al*® have prepared flexible PPy/Ag nanocomposite
films through a photo-polymerization process, and the elec-
trical conductivity of the composite films increased from 1.5
(pure PPy) to 17.3 S cm ' with the addition of Ag particles,
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although the enhancement is significant, the electrical
conductivity is still too low to meet the TE application. Wang
et al’** synthesized PPy/multi-walled carbon nanotubes
(MWCNT) composite powders, and due to the enhanced elec-
trical conductivity and Seebeck coefficient, an optimized of
power factor of 2.079 W mK 2 has been obtained, which is
about 26 times as high as that of pure PPy, but the value is still
far from satisfactory. Chen's group has made some effort to
enhance the TE properties of PPy.>>?® In 2014 they prepared
reduced graphene oxide (rGO)/PPy composites using
a template-directed in situ polymerization method, the
composite showed an 84 times enhancement of power factor
compared than that of pure PPy, while its value is still too low
(3.01 yW mK?), which is mainly caused by the low electrical
conductivity of pure PPy (3.97 S cm™').%® Recently, they have
discussed the relationship between PPy nanostructure
morphology and TE performance and found that the straight
PPy nanowires displayed a high electrical conductivity of
221.7 S cm™ ' with a power factor of 22.6 uW mK~>.*” Therefore,
to improve the TE properties of PPy by tuning its electrical
conductivity seems to be an effective approach.

Interfacial polymerization method has been proved to be an
effective way to enhance the electrical conductivity of PPy, especially
under a low temperature.”** However, high conductive PPy film
obtained under low temperature is usually wrinkled and it’s hard to
get flat film with large-area. And except for high electrical conduc-
tivity, an excellent TE performance should also process Seebeck
coefficient. SWCNTs have been proved to be an effective filler to
improve the TE properties of conducting polymer by enhancing the
Seebeck coefficient of the composite.*** Compared with traditional
inorganic crystals, CNTs are non-toxic, lightweight and show good
mechanical strength, high electrical conductivity. And the large
aspect ratio of CNTs has made them effective conductive fillers in
polymers. Therefore, in this study, high conductive PPy/SWCNTs
composite films are prepared by chemical interfacial polymeriza-
tion at the interface of cyclohexane/water under a controlled
temperature. By altering the content of SWCNTs in the composite,
the film shows a highest power of 37.6 yW mK 2, which is among
the largest value for PPy and its composites reported so far. This
study provides a new way to optimize the TE performance of PPy
based materials and also this method can be applied to prepare
other kinds of conducting polymer TE materials.

Experimental
Materials

Pyrrole (chemical pure grade, purity = 98.0%), p-toluene-
sulfonic acid (PTSA, analytical reagent grade), FeCls, cyclo-
hexane, and ethanol were obtained from Sinopharm Chemical
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Reagent Co., Ltd. SWCNTs (diameter: 1-2 nm, length 5-30 um,
purity = 95%) synthesized by a chemical vapor deposition
method were purchased from Chengdu Organic Chemicals Co.
Ltd., Chinese Academy of Sciences (Chengdu, China). All the
reagents were used as received in the preparation procedure
without further purification.

Synthesis of PPy/SWCNTs composite film through an
interfacial polymerization

The prepare procedure of PPy/SWCNTs composite film is
described schematically in Fig. 1. The synthetic procedure is
conducted at a cyclohexane/water interface with pyrrole
monomer in organic phase while FeCl; and PTSA in aqueous
phase. First, 12 mL aqueous solution containing 0.36 M FeCl;
and 0.36 M PTSA was added into a Petri dish (solution A) and
placed in a 8 °C freezer 1 h for pre-cooled treatment. Then,
12 mL cyclohexane containing 0.036 M pyrrole and different
amounts of SWCNTs was added drop by drop to the aqueous
solution. A clear interface between cyclohexane and aqueous
solutions is formed. The polymerization was processed at 8 °C
statically for 30 min in freezer. Finally, a thin and dark
composite film was formed at the interface. The film was rinsed
with deionized water and absolute ethanol in sequence for 3
times, then transferred to a glass substrate (2 x 2 ¢m?®) and
dried in vacuum at 70 °C for 12 h. Pure PPy film was prepared by
the same method without the addition of SWCNTs.

Also, in situ polymerized PPy powder was prepared as
a comparison, and the preparation procedure is as follow.
0.36 M FeCl; and 0.36 M PTSA was dissolved in 50 mL distilled
water under 8 °C. Then 0.036 M pyrrole monomer was slowly
added into the above solution and stirred for 24 h. The obtained
precipitates were collected by centrifugation and rinsed with
deionized water and absolute ethanol in sequence for 3 times.
Finally, the black powder was collected after being dried under
vacuum at 70 °C for 12 h.

Measurements and characterizations

Electrical conductivity and Seebeck coefficient of the samples
were measured simultaneously in a vacuum atmosphere on
a MRS-3 thin-film thermoelectric test system (Wuhan Giant
Instrument Technology Co., Ltd). The morphology of the films
was measured by field-emission scanning electron microscopy
(FESEM, Hitachi, S-4800). Fourier transform infrared (FT-IR)
spectroscopy of the samples were obtained from a Fourier
infrared spectrometer (Thermo 470 FT-IR). Raman spectroscopy
was performed using a WITech CRM 200 Raman spectrometer
(excitation wavelength: 632.8 nm). The thickness of the films
was obtained from a step profiler (BRUKER, DEKTAK XT).

o BeC -
——) —) Py/SWCNTs film
—

Pyrrole + SWCNTS

FeCl; + PTSA
in cyclohexane

in water

Interface polymerization

Fig. 1 Schematic illustration of the procedure to prepare PPy/SWCNTs composite film.
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Results and discussion

The typical SEM images of the samples are shown in Fig. 2. The
PPy powder prepared by traditional chemical polymerization in
Fig. 2A shows a cauliflower-like morphology made up of nano-
particles with diameter about 20-30 nm. While, the PPy film
prepared by chemical interfacial polymerization at a low
temperature displays a very smooth, uniform and compact
surface, as shown in Fig. 2B. It is well known that a compact and
smooth surface can facilitate the electron transfer of w-conju-
gated polymers, and hence contributes to a high electrical
conductivity. For the PPy/SWCNTs (0.3 mg, Fig. 2C) composite
film, the SWCNTs distributed randomly in the PPy matrix, and
a sparse SWCNTs conductive network is formed. With the
enhancement of SWCNTs content, the conductive network
becomes dense. And the formation of the SWCNTs conductive
network is believed to be beneficial to the enhancement of TE
performance of the composite films due to its high electronic
carrier mobility and an energy filtering effect between the
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nanotubes and polymer layer. However, with a high SWCNTs
content, some of SWCNTs self-aggregate to bundles due to van der
Waals force between the SWCNTs (as shown in Fig. 2E) and these
bundles may destroy the continuity and integrity of PPy film and
lead to a low electrical conductivity of the composite films.

The chemical composition of the prepared PPy and PPy/
SWCNTs composite has been characterized by FT-IR spectra
in Fig. 3. All the results display very similar spectra, which are
identical to the characteristic absorption bands reported for
PPy,*** indicating successful synthesis of PPy by both methods.
The strong peaks at 1535 and 1446 cm™ ' are assigned to the
anti-symmetric and symmetric stretching modes of pyrrole ring,
respectively; and the peaks at 1295 and 1038 cm ™' correspond
to the C-N stretching vibration and C-H in-plane deformation
vibration; the peaks at 1147 cm ™" is attributed to the breathing
vibration of the pyrrole ring. FTIR characterization can be used
to obtain qualitative and semi-quantitative information on the
conjugation length of polymers. And it has already been re-
ported that the integrated absorption area ratio (A;535/A1446) iS

Fig.2 FE-SEM images of the prepared samples: in situ polymerized PPy powder (A); interfacial polymerized PPy film (B); interfacial polymerized
PPy/SWCNTs (0.3 mg) composite film (C); interfacial polymerized PPy/SWCNTs (0.5 mg) composite film (D); interfacial polymerized PPy/

SWCNTs (0.8 mg) composite film (E).
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Fig. 3 FTIR spectra of the prepared samples: in situ polymerized PPy
powder (A); interfacial polymerized PPy film (B); interfacial polymer-
ized PPy/SWCNTSs (0.3 mg) composite film (C); interfacial polymerized
PPy/SWCNTs (0.5 mg) composite film (D); interfacial polymerized PPy/
SWCNTs (0.8 mg) composite film (E).

inversely proportional to the conjugation length of PPy.>*3¢37
Therefore, the area ratios of the two bands (A;535/41446) are
calculated. For the in situ polymerized PPy powder, the intensity
ratio I;s3s/11446 is 2.05, and the interfacial polymerized PPy film
shows a value of 2.11, indicating an enhanced conjugation of
the interfacial polymerized PPy film. Besides, the spectra of PPy/
SWCNTs composite show a slight shift, which may be caused by
the interactions between SWCNTs and PPy.

Fig. 4 shows the Raman spectra of all the samples. Several
strong and similar PPy characteristic peaks were observed,
peaks at 930 and 962 cm ™" are caused by the polaron (NH*) and
bipolaron structures (N*) of PPy,* peak at1053 cm™ " is attrib-
uted to the neutral species in PPy, 1245 cm™ " is associated with
antisymmetric in plane bending, 1323 cm ™" corresponds to C-C

Intensity (a.u.)

* L L Ll L]
1000 1200 1400 1600

Raman Shift (cm'l)

600 800 1800

Fig. 4 Raman spectra of the prepared samples: in situ polymerized
PPy powder (A); interfacial polymerized PPy film (B); interfacial poly-
merized PPy/SWCNTs (0.3 mg) composite film (C); interfacial poly-
merized PPy/SWCNTs (0.5 mg) composite film (D); interfacial
polymerized PPy/SWCNTs (0.8 mg) composite film (E).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in ring and CC inter-ring stretching, 1373 cm ™' corresponds to
antisymmetric in ring C-N stretching, 1499 cm ™' corresponds
to C=C and C-N stretching, and 1587 cm™ " corresponds to C-C
inter ring stretching in the PPy, respectively. Besides, the ratio
from 1587/1501 can be used to determine the relative conju-
gation length.* For the interfacial polymerized PPy film, the
value of I;5g7/I1501 is 2.1, and the in situ polymerized PPy powder
shows a value of 1.6, indicating the lengthening of the =
conjugation of the PPy chains in the interfacial polymerized PPy
films, which can promote the mobility of carriers. Also,
compared with the pure PPy powder and film, the peaks at
1587 cm™ ' in PPy/SWCNTs composite films present a small
displacement to the low frequency, which can be attributed to
the enhanced electron delocalization caused by the strong -
conjugated interactions between SWCNTs and the PPy.***
During the polymerization, the -7 interaction between two
phases can induce PPy to grow along the surface of the
SWCNTs, and lead to a more expanded molecular conformation
and more ordered PPy chain packing, which will promote the
carrier mobility in the composite.>>**

The TE properties of all the samples are displayed in Fig. 5.
The in situ polymerized PPy powder shows an electrical
conductivity of 10.3 + 0.4 S cm ™', with Seebeck coefficient of 6.8
4+ 0.3 pV K, and the calculated power factor is 4.8 £ 0.6 x 10>
uW mK 2. The electrical conductivity of interfacial polymerized
PPy film can be as high as 485.7 + 7 S cm ™', with a similar
Seebeck coefficient of 6.3 + 0.3 uV K '. Due to the greatly
enhanced electrical conductivity, the power factor is 1.93 + 0.2
uW mK 2, which is about 40 times larger than that of in situ
polymerized PPy powder. After the addition of SWCNTs, the
Seebeck coefficient of the obtained PPy/SWCNTs composites
show a significant tendency of increase, and the value increase
from 15.9 + 0.5 uv K ' for the composite contained 0.3 mg
SWCNTs to 37.1 + 1.1 pvV K~' when the sample contained
0.8 mg SWCNTs. This phenomenon can be attributed to the
following points: (1) the synergistic effect in the composite, the
composite can combines the high electrical conductivity of
interfacial polymerized PPy film and the decent Seebeck coef-
ficient of SWCNTs (~52 + 1.6 uV K '); (2) the carrier energy
filtering at the interface between PPy and SWCNT. The reported
work functions of PPy and SWCNTs are 4.95 eV and 4.8 eV,*>*
therefore, the energy barrier at the PPy/SWCNTs interface is
0.15 eV. This energy barrier can scatter low-energy carriers and
allow high-energy carriers to cross over the interface. So the
Seebeck coefficient is significantly increased. Although the
Seebeck coefficient of the composite increase with the increased
SWCNTs content, the electrical conductivity of composite
decrease with the increased SWCNTs content due to the lower
electrical conductivity of SWCNTs (~180 + 3.3 S cm ™). Also the
agglomeration of SWCNTs may destroy the continuity of PPy
film and lead to low electrical conductivity (see Fig. 2E). Finally,
an optimized power factor of 37.6 & 2.3 yW mK > has obtained
for the composite contained 0.8 mg SWCNTs. Then we
compared the TE properties of interfacial polymerized PPy/
SWCNTs composite films prepared in this work with those in
recent related studies. As shown in Table 1, the highest power
factor of 37.6 &= 2.3 uW mK 2 in our work is superior even
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Fig. 5 Electrical conductivity (a), Seebeck coefficient (b) and power factor (c) of the prepared samples: in situ polymerized PPy powder (A);
interfacial polymerized PPy film (B); interfacial polymerized PPy/SWCNTs (0.3 mg) composite film (C); interfacial polymerized PPy/SWCNTs (0.5
mg) composite film (D); interfacial polymerized PPy/SWCNTs (0.8 mg) composite film (E); interfacial polymerized PPy/SWCNTSs (1 mg) composite

film (F).

Table 1 Comparison of the TE performance of PPy based materials

Seebeck

coefficient
Materials Methods Electrical conductivity (S m™") (uv K™*) Power factor (W mK2) Ref.
PPy nanowires Chemical oxidation polymerization 221.7 4+ 30.2 10.1 £ 0.1 (22.6 £ 3.6) x 10 27
Free-standing PPy  Interfacial chemical polymerization 162.7 x 10° 4-8 0.45 44
films
PPy nanotube Chemical oxidation polymerization 3382 12.76 0.55 45
PPy nanowire/rGO  Interfacial adsorption-soft template 75.1 x 107 33.8 8.56 £ 0.76 26

polymerization
PPy/SWCNT Physical mixing and vacuum filtration ~300 x 10 ~25 21.7+£0.8 28
PPy/rGO Template-directed in situ polymerization 41.6 x 10” 26.9 3.01 25
PPy/silver Photo-polymerization 11.87 x 10> 6.85 0.056 23
nanocomposite
PPy/MWCNTSs In situ polymerization 35-40 x 10° 24.4 2.2 46
(68 wt%)
PPy/SWCNTs Interfacial polymerization 341.6 + 4.7 x 10° 33.2+0.7 37.6 £ 2.3 This
work

several order of magnitude higher to the reported values,
including pure PPy film, PPy nanowires, PPy nanotube, and PPy
based composites. The result indicates that design strategy
proposed here is an effective way to enhance the TE properties
and it can also be expanded to other conducting polymer based
composite systems for higher TE performance.

Conclusions

In summary, high conductive PPy/SWCNTs composite films
have been prepared by chemical interfacial polymerization

17708 | RSC Adv, 2021, N, 177704-17709

under a controlled temperature. FESEM observation shows the
smooth and compact structure of the interfacial polymerized
PPy film. FTIR and Raman spectra indicate the high conjuga-
tion length and ordered molecular structure of the prepared PPy
film, leading to the electrical conductivity of the PPy film can be
as high as ~500 S cm . The addition of SWCNTs play a key role
to further enhance the Seebeck coefficient of the composite.
Taking the advantage of the synergistic effect and the energy
filtering effect between the PPy and SWCNTs, the power factor
can be improve to 37.6 + 2.3 uW mK 2, which is 3 orders of
magnitude higher than that of PPy power obtained by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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traditional chemical oxidation polymerization. The present
study indicates the promising candidate as organic TE mate-
rials for the high conductive PPy/SWCNTs composite films
prepared by interfacial polymerization under a controlled
temperature. Also, the design strategy in this study can be
expanded to construct other conducting polymer based nano-
composite for higher TE performance.
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