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Abstract
Polymer-inorganic composites show great potential for use as thermoelectric (TE)
materials. However, the TE performance of these materials needs to be improved. One

way to improve the TE performance would be to synthesize novel conductive

polymers with high Seebeck coefficients to prepare polymer-inorganic TE composites.

In this study, acidized and ammoniated forms of
poly[(3-methylthiophene-2,5-diyl)(diphenylaminobenzylidene)  (3-methylthiophene
quinodimethane-2,5-diyl)] (PMTDPABQ) were successfully synthesized with high
Seebeck coefficients. These polymers were used to prepare a series of
PMTDPABQ/graphite (G) bulk composites by mechanical ball milling and cold
pressing. The morphology, thermal stability, and TE performance of these composites
were evaluated. The G composite was uniformly dispersed in the polymer matrix, and
the composite materials exhibited good thermal stability at temperatures up to 200 °C.
The acidized PMTDPABQ/G composites exhibited better TE performance than the
ammoniated PMTDPABQ/G composites. The highest TE figure of merit, ZT =
5.32x107, was obtained using acidized PMTDPABQ/G and was approximately 3
times greater than that of polythiophene (PTh)/G (1.37x 107%).

Keywords: Conducting polymer, graphite, composite materials, thermoelectric

property
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1. Introduction
Recently, thermoelectric (TE) materials have received a great deal of attention
because of their unique ability to convert heat into electricity without any moving
parts or bulk fluids and vice versa.' The energy conversion efficiency of TE materials
is determined by their TE figure of merit, ZT = S’6T/K, where S is the Seebeck
coefficient, ¢ is the electrical conductivity, K is the thermal conductivity, and T is the
absolute temperature. Inorganic materials such as bismuth telluride,” SrTe-PbTe,’ and
Cuz-xSe* have been extensively studied for several years because of their relatively
high ZT value. However, these materials also possess clear disadvantages such as
poor processability, toxicity, brittleness, and high cost, which have impeded their
widespread use as energy materials. In contrast, polymeric materials possess unique
features that are useful in applications as TE materials such as low cost, ease of
synthesis, solution processability over a wide range of parameter values,’ and an
intrinsically low thermal conductivity. Following the initial discovery of conducting
polymers in the late 1970s,” polymers such as polyanilineg'g, polythiophene,
polyacetylene, polypyrrole and their derivatives'® have received increasing attention
as prospective TE materials. If the TE power factor (P = $%6) of conductive polymers
could be substantially improved, these materials could be used in many TE
applications. Unfortunately, the electrical conductivity and Seebeck coefficients of
polymers are strongly negatively correlated.
The key to promoting the power factor and ZT of organic materials is to

counteract the trade-off between the electrical conductivity and the Seebeck
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coefficient. Many researchers have attempted to solve this problem by preparing
polymer-inorganic TE composites.w'11 One of the most attractive features of
polymer-inorganic TE composites is the synergistic combination of the low thermal
conductivity of polymers and the excellent conductivity of inorganic materials. Yao et
al."? prepared polyaniline/single-walled carbon nanotube hybrid nanocomposites by in
situ  polymerization and obtained a maximum power factor of 20 pw/mK.?
Composites of poly(3-hexylthiophene) and single- and multi-walled carbon nanotubes
were prepared and exhibited a competitive TE performance and a high ZT > 107 at
room temperature.”” Adding tellurium particles, bismuth telluride particles, and
carbon black to carbon fiber epoxy-matrix composites greatly increased the ZT of
these composites from 9x10° to 9x107 at 343 K.' Polyaniline/Ca3Co409 bulk
composites fabricated by ball milling and hot -pressing have also been extensively
studied.”” Song et al.'® prepared layered nanostructures of PDOT:PSS/SWCNTs
(single-walled carbon nanotubes) by a two-step spin casting method and obtained a
maximum power factor of 21.1 pW/mK.? Enhanced TE properties were measured for
a series of expanded polymer graphite composite films.'” Our group has also studied
polyaniline/G composites, which were observed to exhibit a ZT of 1.37x107 at 393
K8

The advances in polymer TE materials described above have been
groundbreaking but limited in scope; indeed, this field is still in its infancy. Materials
with improved TE properties could be produced by synthesizing novel conducting

polymers with high Seebeck coefficients that could then be used to prepare
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polymer-inorganic TE composites. In this study, PMTDPABQ was successfully
synthesized because of its ease of preparation, small band gap, and potentially high
Seebeck coefficient."” After PMTDPABQ was prepared, it was treated with HCI and
ammonia. Graphite (G) was blended with acidized (Ac) PMTDPABQ and
ammoniated (Am) PMTDPABQ by mechanical ball milling and cold pressing due to
graphite’s high conductivity, unique physical and chemical properties'’. At the same
time, G possesses a large surface area and can form strong interactions with polymer
materials. Compared with other fillers, such as carbon nanotubes (CNTs), G may be
expected to disperse easily in polymeric matrices. It is well known that interfacial
interaction and dispersion are the key factors in evaluating polymer-based
composites™. The effect of the G content on the TE properties of Ac PMTDPABQ/G
and Am PMTDPABQ/G composites was investigated in detail. Polythiophene

(PTh)/G composites were also prepared for comparison.

2. Experimental Section
2.1 Materials

Graphite with particle sizes in the 30 to 50 um range, as measured by a laser
particle size analyzer (Ls603), was obtained from commercial sources. Thiophene
monomer, 3-methylthiophene and p-chloranil were purchased from Aladdin, Ltd.
Anhydrous iron(IIl) chloride (CP) was obtained from Sinopharm Chemical Reagent
Co. Ltd., and anhydrous chloroform (AR) was purchased from Shanghai Shenxiang

Chemical Reagent Co. Ltd. Anhydrous chloroform and tetrahydrofuran (THF)



RSC Advances

(Aldrich) were dried overnight using 4A molecular sieves. Anhydrous 1,4-dioxane
(Aldrich), 4-diphenylaminobenzaldehyde (Chemical Dynamics), 96% sulfuric acid
(AR), hydrochloric acid (AR), ammonia (AR) and methanol (AR) were purchased
from Guangzhou Donghong Chemical Reagent Co., Ltd. Ultrapure-grade nitrogen gas
(Air Products) was used as received. All other reactive agents were used without

further purification.

2.2 Preparation of PMTDPABQ
2.2.1 Preparation of poly|(3-methylthiophene-2,5-diyl)(4-diphenylaminophenyl
methane)] (PMTDPAB)

3-Methylthiophene (2.45 g, 25 mmol), 4-diphenylaminobenzaldehyde (7.51 g, 28
mmol), 50 mL of p-dioxane, and 0.8 mL (15 mmol) of 96% sulfuric acid were added
to a 250-mL, three-neck, round-bottom flask fitted with a condenser and a gas inlet
and outlet. The polymerization reaction was carried out with stirring under a nitrogen
atmosphere. The temperature was maintained at 85 °C for 28 h using an oil bath. A
navy-blue product was precipitated by adding 500 mL of methanol dissolved in THF.
The product was re-precipitated in methanol, recovered, and dried in a vacuum oven
at 50 °C for 12 h.

'H NMR (CDCl;, 8, ppm, SiMey as reference): 1.64-2.07 (s, 6H, 2(CHs)), 5.74 (s,

2H, C(R)H), 7.01-7.32 (m, 28H, phenyl), 7.67 (d, J= 11 Hz, 2H, thiophene).

2.2.2 Preparation of PMTDPABQ
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The reaction mixture was composed of 1.55 g of PMTDPAB, 1.08 g of p-chloranil,
and 40 mL of anhydrous THF. The reaction was maintained at 50 °C for 8§ h. The
dark-blue reaction solution was poured into 100 mL of methanol while stirring, and
the precipitate was recovered, filtered through a Biichner funnel, and then dissolved in
chloroform. The filtrate was dried in an oven at 70 °C for 24 h.

'H NMR (CDClIs, 6, ppm, SiMes as reference): 1.59-2.08 (s, 6H, 2(CHj)),

6.61-7.63 (m, 28H, phenyl), 7.64 (d, J = 5.5 Hz, 2H, thiophene),

2.2.3 Preparation of Ac and Am PMTDPABQ

The resulting mass of PMTDPABQ was divided into two batches of 1.20 g each
and then soaked in 2 M aqueous ammonia and 2 M HCI, respectively, for 8 h. The
products were washed with deionized water and then dried in a vacuum oven at

60 °C.

2.3 Preparation of Ac and Am PMTDPABQ/G Composites

To promote mixing during the milling process, the PMTDPABQ and G powders
were combined with 200 mL anhydrous ethanol at different G weight percentages and
first ultrasonicated for 30 min, followed by mechanical blending at 1500 rpm for
another 30 min. After filtering, the powder mixtures were dried at 60 °C for 24 h and
then milled in an agate mortar for 1 h. Finally, the powder samples were milled in a
250-mL cylindrical steel jar with five 10-mm diameter steel balls and ten 5-mm

diameter steel balls at a rotational speed of 270 rpm for 10 h.
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2.4. Preparation of PTh/G composites

The PTh powder was chemically polymerized by oxidizing the monomer with FeCl;
in anhydrous chloroform following a previously reported method*!. The PTh/G
composites were prepared using the same method as that used to prepare the Ac and

Am PMTDPABQ/G composites.

2.5 Characterization

The Seebeck coefficients of the intrinsic polymers at various test temperatures were
measured using Seebeck coefficient measurement systems by the temperature gradient
method (AK=10 K) at temperatures ranging from 303 K to 363 K. The morphologies
of the bulk samples were observed using scanning electron microscopy (SEM, Hitachi
S-4700). Powders with different G contents were dispersed in KBr disks, and their
Fourier transform infrared spectra (FTIR) were recorded on a Fourier transform
infrared spectrometer (IFS 120HR, Bruker). The phases of the composites were
characterized by X-ray diffraction (XRD) using a Bruker D8 Advance X-ray
diffractometer with Cu Ko radiation. Thermal gravimetric analysis (TGA) was
conducted on a TGA-Q50 (USA) from room temperature to 600 °C at a heating rate
of 10 °C min™ under a nitrogen flow of 40 mL min™ to examine the thermal stability
of the materials. Raman spectra were collected using a Raman spectrometer
(RENISHAW, Ae=514.5 nm). The carrier concentration and Hall mobility were

measured by an ET-9007 Hall measurement system through the van de Pauw method.
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The electric conductivities and Seebeck coefficients of the bulk composites were
simultaneously measured using a Seebeck coefficient/electric conductivity measuring
system (ZEM-2, ULVAC-RIKO, Japan) from 303 K to 393 K in a helium atmosphere.
The thermal conductivity was measured using a thermal conductivity tester
(KY-DRX-RW,  Shanghai). A cuboid specimen with dimensions of
16.0 mm x 5,10 mm % 3.0 mm was prepared under a pressure of 15 MPa for electrical
properties measurement, and a disk specimen with a diameter of 15.0 mm and a
height of 3.0-4.0 mm was prepared under a pressure of 20 MPa for thermal
conductivity and Hall effect measurements. The densities of the cuboid specimen and

disk specimen were approximately ~1.84 g/cm’ and ~1.86 g/cm’, respectively.

3. Results and discussion
3.1 Synthesis and Seebeck Coefficient of PMTDPABQ

The polymer synthesis process is outlined in Scheme 1. PMTDPAB containing a
thiophene ring structure and bulky side groups was synthesized by a coupling reaction
between 3-methylthiophene and 4-diphenylaminobenzaldehyde. The polymerization
was carried out using chemical oxidation with concentrated sulfuric acid as the
oxidant. This polymer is more soluble in organic solvents than other previously
studied polythiophenes and their derivatives,” most likely because of the presence of
diphenylaminobenzylidene side groups. The polymer was then dehydrogenated to
produce PMTDPABQ with a small band gap.19 The diphenylaminobenzylidene side

group served as an electron donor to narrow the band gap of the polymer.23 A
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conducting polymer with a small band gap facilitates doping to obtain intrinsic
metallic conductivity. Moreover, polymers formed with side groups containing
nitrogen atoms can be doped with HCI or NH3'H,O, resulting in Ac PMTDPABQ and
Am PMTDPABQ, respectively. The properties of these polymers and their
composites were investigated.

Fig. 1 shows the "H NMR spectra of the obtained PMTDPAB and PMTDPABQ
products. The presence of a N(CgHa), group on the conjugated structure of the
benzene ring and the alkyl group was shown to reduce the chemical shift in hydrogen
atoms on the thiophene ring (8 =7.64). No absorption peaks were observed in the 'H
NMR spectra at 6 = 5.7 for the hydrogen atoms on the thiophene and benzene rings
connected to the methine bridge carbon -CH- of PMTDPABQ, demonstrating that
PMTDPAB was completely dehydrogenated. Unlike polymers reported in the

. 19, 24
literature,

all of the PMTDPABQ products were converted to poly(thiophene
methine) structures. This result was obtained because the diphenylaminobenzylidene
side group enhanced the degree of dehydrogenation. There was a significant
difference after the dehydrogenation of PMTDPAB. A clear peak for PMTDPAB in
the "H NMR was observed at & = 5.7, from which a degree of dehydrogenation of
approximately 15.1% was estimated.

Fig. 2 shows the FT-IR spectra of PMTDPAB, Ac PMTDPABQ, and Am
PMTDPABQ. The primary absorption peaks for PMTDPAB and PMTDPABQ were

observed. The peaks in the 3000-3100 cm™ range were assigned to phenyl and

thiophene C-H stretching vibrations. The small peak at 2858 cm™ is characteristic of

10
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the stretching vibrations that are associated with the -CHj group.'” The sharp strong
peak at 1600 cm™ was attributed to benzene ring C=C stretching vibrations.>* The
peaks at 1120 cm™ and 810 cm™ were attributed to the in-plane and out-of-plane
aromatic C-H bending vibrations of the 1,4-disubstituted aromatic ring.”® For the Ac
PMTDPABQ and Am PMTDPABQ powders, the band at 1670 cm™ resulted from the
C=C stretching of a quinoid structure,”’ indicating the existence of a conjugated main
chain. The small peak at 2330 cm” was assigned to Ac PMTDPABQ and was
associated with the NH' vibration of the -C6H4NH+(C6H4)2- group.28 For the
PMTDPAB powder, no peak was clearly associated with a quinoid structure, most
likely because the quinone was not completely dehydrogenated, in agreement with the
'"H NMR data.

Fig. 3 shows the Seebeck coefficients of PTh and Ac and Am PMTDPABQ. The
Seebeck coefficient of Ac PMTDPABQ was high (> 157 pV/K) and increased slightly
with temperature. However, the Seebeck coefficient of Am PMTDPABQ was
relatively low at lower temperatures (approximately 104 pV/K at 317 K) and
decreased as the temperature increased. At 363 K, the Seebeck coefficient of Ac
PMTDPABQ was 178 pV/K, whereas the Seebeck coefficient for Am PMTDPABQ
was only 22 pV/K. These differences may be due to different carrier concentrations
and carrier mobilities. Ac PMTDPABQ can provide a sufficient amount of H™ to
increase the carrier concentration and can also improve carrier mobility due to its
stretched molecular chain conformation®. Increasing the carrier concentration

generally increases the electrical conductivity and decreases the Seebeck coefficient,

11
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whereas a higher Seebeck coefficient can be obtained by increasing the carrier
mobility.lo’ 3931 Thus, we hypothesize that the carrier mobility has a greater effect on
the Seebeck coefficient than the carrier concentration, resulting in Ac PMTDPABQ
having a higher Seebeck coefficient than Am PMTDPABQ, which could be indirectly
confirmed by the data shown in Table 1. Pure polymer samples, which possessed a
high resistance beyond the measuring range of the test equipment, were not examined.
As shown in Table 1, Ac PMTDPABQ-related composites exhibited both higher
carrier concentrations and carrier mobilities than those of Am PMTDPABQ-related
composites. The Seebeck coefficient of PTh was always much lower than that of Ac
PMTDPABQ: the Seebeck coefficient of PTh at 323 K was 64 uV/K, which was

approximately half that of Ac PMTDPABQ (158 uV/K).

3.2 SEM, TGA, XRD and Raman analysis of PMTDPABQ/G composites

Fig. 4 shows the morphologies of cross-sections of the Am PMTDPABQ (1), Ac
PMTDPABQ (5), and Am PMTDPABQ/G composites with G contents of 20% (2),
40% (3), and 50% (4) and of Ac PMTDPABQ with G contents of 20% (6), 40% (7),
and 70% (8). The cross-sections of the bulk samples were obtained by quenching and
fracturing. In Fig. 4, the polymer matrix appears as a layered structure to which small
particles were adhered and G shows a flake-like morphology. Fig. 4 (1, 5) shows that
the Am PMTDPABQ surfaces were much smoother than those of Ac PMTDPABQ.
This result may be attributed to the smaller distances between the main chains of Am

PMTDPABQ.? For all of the composite samples, the flake-shaped G component was

12
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evenly dispersed in the dark background of the polymer matrix. Further analysis of
the composites with a low G content yielded improved combinations of the matrix
and the filler, as shown in Fig. 4 (2, 3, 4, 6, and 7). An excessively high G content
weakened the interfaces between the matrix and filler, thereby decreasing the TE
performance most likely because the Seebeck coefficient decreased.

Thermal gravimetric analysis (TGA) measurements were conducted under a
nitrogen flow rate of 40 mL/min from room temperature to 600 °C at a heating rate of
10 °C/min. The TGA results are shown in Fig. 5. Ac and Am PMTDPABQ and their
composites exhibited excellent thermal stability. Dramatic weight loss was observed
for the PMTDPABQ/G composites above 200 °C, indicating the decomposition of the
PMTDPABQ powder. The weight loss also decreased as the G content increased. The
Am PMTDPABQ/G composites with a G content below 40% had a decomposition
temperature of approximately 210 °C, which increased to approximately 260 °C for a
G content over 50%. The high thermal stability and the uniform dispersion of G
increased the thermal stability of the composites.’® The results indicate that the TE
properties of the composites could be studied below 200 °C without destroying the
PMTDPABQ structures.

Fig. 6 shows the XRD patterns of Ac and Am PMTDPABQ and their composites
at room temperature. Prominent scattering at Bragg angles of 26 = 26.6° and 20 = 55°
were observed, which was attributed to G.** The intensity of the two peaks grew as the
G concentration increased. However, the position of the peaks remained unchanged,

suggesting that no chemical reaction occurred between the polymer and G, and the Ac

13
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and Am PMTDPABQ structures did not change during the blending procedure. Fig. 6
shows magnified patterns of Ac and Am PMTDPABQ. The broad diffraction peak at
approximately 20 = 23° corresponds to Am PMTDPABQ, indicating an amorphous
structure.”’ The spectra for the Ac PMTDPABQ powder exhibited sharp well-defined
diffraction peaks at 20 =26.42° and 26 = 32.23°, indicating a low level of crystallinity
for the polymer,”” which could help increase the conductivity of the polymer’s
composites.

The Raman spectra of the pure polymer and polymer-based composites are
shown in Fig. 7. For the pure Ac PMTDPABQ powder, the spectrum shows several
characteristic peaks. C-H bending of the benzenoid ring (~1170 cm™), C-N stretching
(~13500cm cm™), C-C stretching of the benzenoid rings (~1592 e¢m™)'* and C=C
stretching of the quinoid ring (~1492 cm’™") were observed. Previous Raman studies on

polymer/graphene have demonstrated that strong n-m conjugation interactions cause a

red shift of the characteristic peaks of the corresponding polymer’***>. As shown in Fig.

7, the peaks at 13500 cm™ and 15922 cm™ of Ac PMTDPABQ shifted to lower
frequencies after the addition of G. The same tendency was observed for Am
PMTDPABQ. Raman spectra provide evidence of the existence of m-m conjugation

interactions between PMTDPABQ and G.

3.3 Comparison of TE performances among PMTDPABQ/G and PTh/G
composites

Fig. 8 presents the Seebeck coefficients for the Ac PMTDPABQ/G and Am

14
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PMTDPABQ/G composites at different temperatures. As the G content increased, the
Seebeck coefficient of the composites gradually decreased. The Ac PMTDPABQ/G
composites exhibited a higher Seebeck coefficient than that of the Am
PMTDPABQ/G composites. At 20 wt% G, the Ac PMTDPABQ/G composite had a
Seebeck coefficient of 43.8 uV/K, whereas the Am PMTDPABQ/G composite had a
Seebeck coefficient of 20.5 pV/K at 393 K, which was approximately half that of the
coefficient for the Ac PMTDPABQ/G composite. Increasing the G content created
more conductive paths in the composites,”' which had a strong effect on the Seebeck
coefficient. Increasing the G content also resulted in a loss of polymer content, which
enhanced the carrier mobility of the composites and reduced the large number of
interfaces between the polymer matrix and G, thereby decreasing the Seebeck
coefficient of the composites. Fig. 9 shows that the Seebeck coefficient of the PTh/G
composites decreased from 31.1 pV/K to 9.1 pV/K as the G content increased. This
trend was similar to that observed for the Ac PMTDPABQ/G and Am PMTDPABQ/G
composites. As shown, the Seebeck coefficient of the Ac PMTDPABQ/G composites
is clearly much higher than that of the PTh/G composites. The high Seebeck
coefficient of the Ac PMTDPABQ/G composites could primarily be attributed to the
high Seebeck coefficient of Ac PMTDPABQ. We conclude that the polymers with
high Seebeck coefficients can improve the TE performance of polymer-inorganic
composites.

Fig. 10 shows the electrical conductivity of the Ac PMTDPABQ/G and Am

PMTDPABQ/G composites. The electrical conductivity of all of the samples
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increased with the G content. The Ac PMTDPABQ/G composites exhibited slightly
higher electrical conductivity than did the Am PMTDPABQ/G composites. At 303 K,
the highest conductivity (5.66x10* S/m) of the Ac PMTDPABQ/G composites was
obtained for a 90 wt% G loading. It is known that G can serve as a n-ligand,**>> and
there are many conjugated structures in the main chains of PMTDPABQ. Furthermore,
n electrons have a strong tendency to delocalize to other adjacent conjugated
structures.”® *® Thus, a 7 electron of G can interact with the conjugated structure of
PMTDPABQ during ball milling to produce a larger conjugated structure that can act
as a conductive unit. At low graphite loadings, these conductive units are separated
from each other. With increasing G content, these units are gradually connected
together to form a conductive network that rapidly enhances the electrical
conductivity of the composites. Fig. 11 shows that increasing the G content from 10 to
80 wt% at 393 K greatly improved the electrical conductivity of the PTh/G
composites from 1.88x10% S/m to 4.78x10" S/m. The electrical conductivity of the
PTh/G composites was clearly lower than the conductivities of the Ac PMTDPABQ/G
and Am PMTDPABQ/G composites. At 393 K and a 50 wt% G loading, the electrical
conductivity of the PTh/G composites was 6.51x10° S/m, whereas that of the Ac
PMTDPABQ/G composites was 1.092 x10* S/m.

The thermal conductivity of the composites was determined to obtain the ZT
values of the Ac PMTDPABQ/G, Am PMTDPABQ/G, and PTh/G composites. The
results are shown in Fig. 12. The thermal conductivity of all of the samples increased

with the G content. All of the composites showed relatively low thermal conductivity

16
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for various G contents, which was approximately an order of magnitude lower than
the thermal conductivities of inorganic TE materials (1-10 W/mK). Low thermal
conductivities can enhance TE performance.

The performances of the TE materials were determined based on the ZT values.
The experimental results that are depicted in Figs. 8 to 12 were used to calculate and
plot the ZT values (see Figs. 13 and 14). Fig. 13 shows that the Ac PMTDPABQ/G
composites exhibited higher ZT values than those of the Am PMTDPABQ/G
composites at the same G content. The highest ZT value (5.32x107) for the Ac
PMTDPABQ/G composites was obtained at 363 K for a 90 wt% G loading. Fig. 14
shows that the highest ZT value of PTh/G was 1.37x10° at 333 K for a 40 wt% G

loading, which was 3 times lower than that of the Ac PMTDPABQ/G composites.

4. Conclusions

Ac and Am PMTDPABQ/G composites were successfully prepared in this study. The
TE properties of the composites were investigated in detail as a function of the G
content. Increasing the G content of the Ac and Am PMTDPABQ/G composites
significantly improved their ZT values. The Ac PMTDPABQ/G composites exhibited
better TE properties than traditional conductive PTh polymers blended with G. The
highest ZT (5.32x10) for Ac PMTDPABQ/G was obtained at a 90 wt% G content,
which was approximately 3 times greater than that of the PTh/G composites
(1.37x107°). These results suggest that synthesizing novel conductive polymers with

high Seebeck coefficients may be an excellent means of improving the TE
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performance of polymer-inorganic composites.
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contents: 20% (2), 40% (3), and 50% (4); Ac PMTDPABQ with various G
contents: 20% (6), 40% (7), and 70% (8)
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PMTDPABQ/G composites
X-ray diffraction patterns of Ac and Am PMTDPABQ, Am PMTDPABQ/G,
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Raman spectra (Aexc=514.5 nm) of Am PMTDPABQ, Ac PMTDPABQ
powders and their composite powders

Seebeck coefficients of Am PMTDPABQ/G and Ac PMTDPABQ/G
composites at different graphite contents. The inset shows the variation in
the Seebeck coefficient with temperature.
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Table 1 Carrier concentration and carrier mobility of PMTDPABQ/G composites

with 20% and 40% G contents

Carrier concentration Carrier mobility
Sample
(cm™) (cm?*/V S)
20% Am PMTDPABQ 7.69x10" 13.29
20% Ac PMTDPABQ 7.86x10" 13.49
40% Am PMTDPABQ 2.92x10" 13.52

40% Ac PMTDPABQ 2.95x10" 13.80
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Fig. 4 Cross-sectional SEM images of Am PMTDPABQ (1), Ac PMTDPABQ (5), and
their composites; Am PMTDPABQ/G composites with various G contents:
20% (2), 40% (3), and 50% (4); Ac PMTDPABQ with various G contents:

20% (6), 40% (7), and 70% (8)

30



Page 31 of 40 RSC Advances

\
)
\

I

ATNPAROYG

MTDPABQ/G

OU70 AC UiVi 1 A DUIIRT

—50% Ac P

Weight loss (%

70 4 ------- 40% Am PMTDPABQ/G

100 200 300 400 500 600

Temperature (C)

Fig. 5 TGA curves for Ac and Am PMTDPABQ, Am PMTDPABQ/G, and Ac

PMTDPABQ/G composites

31



RSC Advances
------ 50% Am PMTDPABQ/G J Am PMTDPABQ
------ 40% Am PMTDPABQ/G | R
------ 20% Am PMTDPABQ/G T h\ .
------ Am PMTDPABQ = [\ Tl
—— 70% Ac PMTDPABQ/G -3 N )
—— 50% Ac PMTDPABQ/G z e e
30% Ac PMTDPABQ/G S
o | W%A PMTDPABQ/G . i
z Ac PMTDPABQ 10 %0 (degree) 40
S’ .
£
w "
= _________________________________________________________________________________
L
R
: )
] ]
:
A
B
— — —— —
10 20 30 40 50 60

20 (degree)
Fig. 6 X-ray diffraction patterns of Ac and Am PMTDPABQ, Am PMTDPABQ/G,

and Ac PMTDPABQ/G composites

32

Page 32 of 40



Page 33 of 40 RSC Advances

U 40% Ac PMTDPABQ/G

40% Am PMTDPABQ/G

20% Ac PMTDPABQ/G

20% Am PMTDPABQ/G

Intensity (a.u.)

Ac PMTDPABQ

1495
1354 057

1174 Am PMTDPABQ

| | |
1000 1250 1500 1750 2000
Wavenumber (cm '1)

Fig. 7 Raman spectra n (Aexe=514.5 nm) of Am PMTDPABQ and Ac PMTDPABQ

powders and their composite powders

33



RSC Advances

T K\\ %
35 - .\:\\\‘,_a ,/K é uf
.\__; \\A\ . ; ;;_
oy NN 1
\l\\ ‘ - - p

!
!
/
f

|
/

NoRe Ko
|

v
ni

"

Seebecl: coefficient ( 1V/K)

Graphite content (%)

Fig. 8 Seebeck coefficients for Am PMTDPABQ/G and Ac PMTDPABQ/G

composites at different graphite contents. The inset shows the variation in the Seebeck
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Fig. 9 Seebeck coefficients of PTh/G composites at different graphite content. The

inset shows the variation in the Seebeck coefficient with temperature.
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Fig. 10 Electrical conductivities of Am PMTDPABQ/G and Ac PMTDPABQ/G

composites at different graphite contents
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Fig. 11 Electrical conductivities of PTh/G composites at different graphite contents
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different graphite contents
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Fig. 13 ZT values of Am and Ac PMTDPABQ/G composites at different graphite

contents
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Fig. 14 ZT values of PTh/G composites at different graphite contents
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