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The Bi,Tes/graphite/polythiophene composites were prepared by solution
mixing, mechanical ball milling, cold pressing and spark plasma sintering
(SPS) in order to utilize and integrate the high Seebeck coefficient of BisTes,
high electrical conductivity of graphite (G) and low thermal conductivity of
polythiophene (PTh). The structures and properties of the composites were
characterized by scanning electron microscope, thermo gravimetric analyzer,
x-ray diffraction and ULVAC ZEM-2 Seebeck coefficient measurement. The
results showed that the related components were uniformly dispersed in the
composites, and the electrical conductivity of the composites increased sig-
nificantly with increasing G content. A small addition of Bi,Tes to the matrix
contributed to an increase in Seebeck coefficient and the thermal conductivity
of the composites stayed at a low level owing to the low thermal conductivity of
PTh. These composites prepared by SPS show an increase in Seebeck coeffi-
cient but a decrease in electrical conductivity as compared to corresponding
composites prepared by cold pressing.
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INTRODUCTION

Thermoelectric (TE) systems are promising devices
for energy harvesting owing to their great potential as
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energy converters between thermal and electrical
energy."? Previous studies have generally focused on
relatively high-efficiency inorganic TE materials, such
as BiyTes, Bi-Te alloys, CoSbs, SiGe, and MgSi.>™
However, the inherent drawbacks of inorganic ther-
moelectric materials, including potential for heavy
metal pollution, processing difficulties, and high cost,
have impeded their widespread practical applications
as energy materials.® In this regard, recent research
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Composites

has been mostly concentrated on TE composites con-
sisting of inorganic conductive fillers and organic
polymer matrixes, which have become promisin%
alternatives to inorganic thermoelectric materials.”
A composite material is made by combining two or
more materials—often ones that have very different
properties. The different materials work together to
give the composite unique properties.

The TE performance can be evaluated by the
dimensionless figure of merit ZT, which is defined
as ZT = S%6T/x, where S, o, k, and T are the Seebeck
coefficient, electrical conductivity, thermal conduc-
tivity, and absolute temperature, respectively. A
high-performance thermoelectric material requires
a high electrical conductivity, a high Seebeck coeffi-
cient, and a low thermal conductivity. However,
there is a strong interdependence among these three
parameters (e.g., increasing ¢ is usually accompanied
by an increased x and a decreased S) which imposes
restrictions on maximizing Z7T in homogeneous bulk
materials.’ Thus, many researchers have sought to
optimize the TE properties of composites by integrat-
ing the respective advantages of each thermoelectric
component (e.g., polymer TE materials usually
exhibit a low thermal conductivity and a relatively
high Seebeck coefficient, and inorganic fillers gener-
ally possess high electrical conductivity).

Polymer TE materials, such as polyacetylene, poly-
pyrroles, polyanilines, PTh, poly(3,4-ethylene-
dioxythiophene) and their related derivatives, have
been widely studied due to their quite low thermal
conductivity and high Seebeck coefficient as compared
to inorganic materials.'®'" Of these polymers, PTh has
attracted great attention because of its low cost, easy
synthesis, and relatively good environmental stabil-
ity."? Among conventional inorganic TE materials,
Bi,Te; is well-known as the best thermoelectric mate-
rial’® and has been used to prepare polymer-inorganic
composite to obtain excellent TE performance.'* Con-
ductive fillers (e.g., G, carbon nanotube, and carbon
black), especially G, is frequently applied in composites
to achieve high electrical conductivity.'>'® Hence, in
this study, we fabricated a series of three-component
composites consisting of PTh, BisTe; and G, with
different proportions and compared their thermoelec-
tric performance. In addition to conventional cold press
molding described in literature,'® an attempt was made
to prepare BisTes/G/PTh composite samples by SPS.

EXPERIMENTAL PROCEDURE

Bi,Tes; powders with a particle size of 30 nm were
prepared by hydrothermal method according to the
procedure previously reported by Ao et al.'! PTh
powder was synthesized by chemical oxidative
polymerization of thiophene monomer with anhy-
drous iron (IIT) chloride in anhydrous chloroform
according to the method reported by Wang et al.ﬁ
G, with particle sizes from 30 yum to 50 um, was
purchased from Nanjing Xianfeng Nano Technology

Table I. Component proportions of BisTeg/

Graphite/Polythiophene composites

Serial number Bi,Tez(wt.%) G (wt.%) PTh (wt.%)

A 5 40 55
B 10 40 50
C 5 75 20
D 10 70 20
S1 5 40 55
Sy 5 75 20

Co., Ltd. BiyTes/G/PTh composite samples with
different weight proportions (A, B, C, D, S; and S5),
as shown in Table I, were mixed in 200 mL anhy-
drous ethanol by ultrasonication for 30 min and
mechanical blending at 1500 rpm for an additional
30 min. Then the solvent was filtered and the
residue sample was dried at 60°C for 24 h. The
powder mixtures were milled for 1 h in an agate
mortar and then the mixtures were milled in a
250 mL cylindrical steel jar (with five 10-mm diam-
eter steel balls and ten 5-mm diameter steel balls
inside) at a speed of 270 rpm for 10 h. Finally, the
powers of A, B, C, and D samples were pressed into
bulk composite materials at a specific pressure. We
attempted to prepare the samples for measurements
by using our previous reported method.*® In order to
confirm that the pressure we used to prepare
samples has no big influence on the thermoelectric
performance, we used small pressure differences
(15 MPa and 20 MPa) for preparing samples of 5%
Bi,Te3/40%G/PTh, and found that small pressure
differences has limited effects on thermoelectric
parameters of our composites (such as power factor
and thermal conductivity), as shown in Table SI
(Supporting Information). The cuboid specimen
with dimensions of 16.0 mm x 5.10 mm x 3.0 mm
was prepared under a pressure of 15 MPa for the
electrical properties measurement, and the 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 the thermal conductivity measure-
ment.'” The measurement was done in in-plane for
disk specimens. All the prepared samples had close
densities with the range from 1.56 g/cm® to 1.96 g/
cm?, as shown in Table SII (Supporting Informa-
tion). These samples were labelled as A, B, C and D,
which were corresponding to their proportions.
Besides, powders of S; and Sy obtained by ball
milling were used to prepare two additional bulk
composite samples (labeled as S; and S,, respec-
tively) by SPS, at 250°C for 5 min under a pressure
of 40 Mpa with a vacuum of 1.5 x 10°°. A bar
specimen with dimensions of 12.0 mm x 5.0 mm x
5.0 mm was prepared for electrical properties mea-
surement in cross-plane, and a disk specimen with
®12.7 mm x 2.0 mm was prepared for thermal con-
ductivity measurement.



5248

The phase structures of the composite samples
were characterized by XRD on a Bruker D8 Advance
x-ray diffractometer with Cu K« radiation. Scanning
electron microscopy (SEM, Hitachi S-4700) was
used to observe the morphologies of the bulk
samples. The thermal stability of the materials
was examined by a thermo gravimetric analyzer
(TGA-Q50, USA), which was conducted under a
nitrogen flow of 40 mL min !, from 50°C to 700°C at
a heating rate of 10°C min '. The electrical con-
ductivities and Seebeck coefficients from 30°C to
120°C of the bulk samples were simultaneously
measured by a Seebeck coefficient/electric conduc-
tivity measuring system (ZEM-2, ULVAC-RIKO,
Japan) in a helium atmosphere. The thermal con-
ductivity was measured via a thermal conductivity
tester (KY-DRX-RW, Shanghai), as shown in Fig. S1
(Supporting Information). Finally, by interpolating
the measurement data of S, ¢ and «, the figures of
merit, ZT, at a given temperatures, for all the
samples were calculated.

RESULTS AND DISCUSSION

XRD, SEM, and TGA Analysis of Bi,Te3/G/PTh
Composites

Figure 1 shows the XRD patterns of pure PTh,
BigTes; and BiyTes/G/PTh composites at room tem-
perature. For the PTh powder, no obvious peaks can
be observed from 260 =20° to 70°, indicating an
amorphous structure of PTh.2® For the BiyTes
powder, several peaks were observed and the sharp
peak at 20 = 28° is a representative signal of the
existence of BigTes.!! For the composites powders,
the main diffraction peaks observed at 20 = 26.5°
and 26 = 55° should be assigned to G,'® and the
representative peak at 20 = 28° was also observed
for all the composites indicating that BisTes powder
was dispersed in G and PTh, though the low doping
level of BisTes.

—BiTe,
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§ | S(5%Bi,Te;/75%G/PTh)
3
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1 5%Bi,Te,/40%G/PTh
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Fig. 1. X-ray diffraction patterns of PTh, Bi,Tes, and 5%Bi>Tes/

40%G/PTh, 10% BixTes/70%G/PTh, S(5%Bi>Tes/75%G/PTh)
composites.
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SEM images of pure PTh and BiyTes powders and
the fracture surfaces of representative BiyTes/G/
PTh composites are shown in Fig. 2. The BiyTes
powders exhibit a granular-shaped and small-flake
structure (Fig. 2a), and the PTh formed an irregu-
lar-shaped structure (Fig. 2b). The polymers and
Bi,Tes were uniformly dispersed in the G matrix
forming a flake-like structure as shown in Fig. 2c
and d. It can be seen from the figure that the
particles of BigTe; PTh and G sheets are more
tightly-joined shown in Fig. 2d than that shown in
Fig. 2¢, indicating that the structure of BigTes/G/
PTh composites become more dense after SPS, and
PTh can act as an adhesive during the SPS process,
which was further confirmed when comparing their
densities. The density of 1.96 g/cm? of the sample
prepared by SPS (S;) is larger than that of the
sample prepared by cold pressing (C) with a density
of 1.84 g/cm?. As shown in Table SII, the density of
the samples became larger when increasing the
amount of G, because the density of G is larger than
that of the PTh. Samples prepared by SPS have
slightly larger density compared to that of the
samples prepared by cold pressing.

The TGA results of PTh, A, C and S, are shown in
Fig. 3. PTh, A, C and S5 suggested thermal stability
below 200°C during the measurement time period
(97 min) under ambient air. Dramatic weight loss
was observed for pure PTh and its composites above
200°C, indicating the decomposition of PTh in the
composites. The weight loss became slow and
decreased as G content increased. The S, composite
exhibited better thermal stability than any other
materials, which should be attributed to the high
thermal stability of G and the uniform dispersion of
three components that can increase the thermal
stability of the composites during the SPS process.
These results indicate that the TE properties of the
composites could be investigated below 200°C at
which the polymer structure was undestroyed.

Thermoelectric Properties of Bi;Tes/G/PTh
Composites

The Seebeck coefficient (S), electrical conductivity
(o), power factor (P), and thermal conductivity (i)
for BisTes/G/PTh composites are shown in Figs. 4, 5,
6, and 7, and Table II. As shown in Fig. 4, the
Seebeck coefficient of BiyTes/G/PTh composites with
different proportions keeps an almost constant
range from 30°C to 60°C. It can be seen from
Fig. 4 and Table II, the Seebeck coefficients of the
composites decreased with increasing G content due
to an increase in the carrier concentration;'® this
phenomena is consistent with the results report by
Li et al.?! As is illustrated in Table II, samples A
and B with PTh content of about 50 wt.% exhibited
much higher Seebeck coefficient values of 23.3 and
20.4 pV/K than that of the G/50 wt.% PTh composite
with a Seebeck coefficient value of 16.1 at 30°C,
respectively.’® These results clearly show that the
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Fig. 3. TGA curves for PTh, and 5%Bi>Tes/40%G/PTh (A), 5%
Bi,Tes/75%G/PTh (C), and S(5% BiyTes/75%G/PTh) (Sy)
composites.

addition of BisTes can greatly enhance the Seebeck
coefficient values. The further addition of BigTes in
G/50 wt.% PTh composites from 5% to 10% slightly
decreased the value of the Seebeck coefficient from
23.3 uV/K to 20.4 uV/K, which could be attributed to
the lower number of interfaces formed between the
fillers and matrix because of the higher density of
Bi,Te; than that of G and PTh.'® Similar results
were also observed for composites C and D with PTh
content of about 20 wt.%; they also exhibited much
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Fig. 4. Seebeck coefficient of these composites: (A) 5%Bi>Tes/
40%G/PTh, (B) 10% Bi>Tez/40%G/PTh, (C) 5% Bi,Tes/75%G/PTh,
(D) 10%BisTes/70%G/PTh, (S;) S(5% BixTes/40%G/PTh), (S,)
S(5%Bi,Tes/75%G/PTh).

higher Seebeck coefficient values of 15.9 yV/K and
14.2 uV/K than that of G/20 wt.% PTh composite
9.36 uV/K at 30°C.'® These results also demonstrate
that the addition of a small amount of Bi;Tes into
Bi,Tes/G/PTh composites indeed increased the See-
beck coefficient of these composites. Composites S;
and S,, which are prepared by the SPS process,
exhibited a higher Seebeck coefficient compared to
the composite A and C. One reason could be the
samples prepared by SPS have larger densities
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Fig. 5. Electrical conductivity of the composites: (A) 5%Bi>Tes/
40%G/PTh, (B) 10% Bi>Tez/40%G/PTh, (C) 5% Bi>Tes/75%G/PTh,
(D) 10%Bi>Tes/70%G/PTh, (S4) S(5% Bi>Tes/40%G/PTh), and (S,)
S(5%Bi>Tes/75%G/PTh).
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Fig. 6. Power factor of the composites: (A) 5%Bi>Tes/40%G/PTh,
(B) 10% BiyTes/40%G/PTh, (C) 5% BiyTes/75%G/PTh, (D)
10%Bi>Tes/70%G/PTh, (S;) S(5% Bi>Tes/40%G/PTh), and (S,)
S(5%Bi>Tes/75%G/PTh).
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(Table III) and the other reason might be the PTh
became softened during the SPS process, and the
softened PTh were combined with both Bi,Tes and
G more tightly under great pressure, which hin-
dered the contact between Bi;Tes and G as a result.

The electrical conductivities of BisTes/G/PTh com-
posites are shown in Fig. 5 and Table II. The
electrical conductivity of the composites dramati-
cally increases with increasing G content. For
example, the electrical conductivity of sample C
with 75 wt.% G content is 4.2 x 10* S/m at 30°C,
which is about four times higher than that for
sample A with 40 wt.% G content at the same
temperature. The increased electrical conductivity
with G content might be attributed to an increase in
the carrier concentration and carrier mobility due to
the excellent conductivity of G. The electrical con-
ductivity of the samples prepared by SPS slightly
decreased compared to the same samples prepared
by cold pressing. For example, sample Sy with 75
wt.% G content exhibits an electrical conductivity of

Lai, Li, Pan, Wang, and Bai

1.4 3
< 1.2+ s
E 105 ///
3 1.04 | X zXZ\ /%
; //// 5 /////////
084 < /’ //y
° usssesss I vorusetes 7// 55
06 | o

1 2R S5
™ //// b o
E 02 /77/ B //// A b //5”/
2 o] Bl I sl /
& 0.0 '/.//7 R ///;/% /// i /

A B C D S1 S2
Composites

Fig. 7. Thermal conductivity of the composites: (A) 5%Bi>Tes/
40%G/PTh, (B) 10% BiyTez/40%G/PTh, (C) 5% BisTes/75%G/PTh,
(D) 10%Bi,Tes/70%G/PTh, (S1) S(5% Bi,Tes/40%G/PTh), and (Sy)
S(5%Bi>Tes/75%G/PTh).

3.6 x 10* S/m at 30°C, while the value for sample C
is 4.2 x 10* S/m. The slight decrease of electrical
conductivity, probably due to the enhanced phase
boundaries between the components, results from
the high tem{)erature and high pressure during the
SPS process. ?? In addition, the electrical conduc-
tivity of the composites decreased with increasing
BisTes content, which results from the inherent
poor conductivity of BisTes.

The power factor (P) for the BiyTes/G/PTh com-
posites is shown in Fig. 6, which was calculated
from the Seebeck coefficient S and the electrical
conductivity o (P = S%s). The power factor (P) for
the composites increases dramatically with increas-
ing G content due to a remarkable increase in
electrical conductivity o, and slightly decreases with
increasing BisTes; content owing to a small decrease
in ¢. With a high doping level of G and the same
proportions, the sample prepared by SPS exhibits a
much higher power factor than that of the sample
prepared by cold pressing, due to an enhanced
Seebeck coefficient. The composite S, exhibits a
power factor of 11.62 yW/mK? at 30°C, which is
higher than that of sample C (10.65 yW/mK? at
30°C), and higher than that of 5.2 + 0.9 yW/mK?>
reported by Xu et al.?® However, the power factor of
S1, which is 2.33 yW/mK? at 30°C, is much lower
than that of sample A, due to a dramatically
decreased electrical conductivity.

The thermal conductivity of BisTes/G/PTh com-
posites was measured using a KY-DRX-RW thermal
conductivity tester, as shown in Fig. 7. According to
the reported literatures,?*?* the value of thermal
conductivity of pure PTh and Bi;Tes is as low as
0.17 WmK and 2.8 WmK at room temperature,
respectively, compared with G. From Fig. 7 we can
see that the thermal conductivity of these composite
samples increased with increasing BisTe; and G
content, but remained at a low level, even at a high
concentration of fillers. This should be attributed to
the high interface density (the interfacial area per
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Table II. Effects of phase content on TE properties (S, q, P, k) at 30°C

Samples S (uV/K)
5% BiyTes/40%G/PTh (A) 23.3
10% BisTes/40%G/PTh (B) 20.4
5% BisTes/75%G/PTh (C) 15.9
10% BiyTes/70%G/PTh (D) 14.2
SPS(5% BiyTes/40%G/PTh) (S,) 27
SPS(5% BiyTes/75%G/PTh) (Ss) 17.9

¢ (x10* S/m) P (uW/mK?) k (W/mK)
0.95 5.1 1.05
0.67 2.8 1.1
4.2 10.6 1.21
3.8 7.7 1.26
0.32 2.3 1.16
3.6 11.6 1.3

Table III. Densities of samples prepared by
different methods (cold-pressing versus SPS)

Sample Density (g/cm?®)
5% BisTes/40%G/PTh (A) 1.56
SPS(5% BiyTes/40%G/PTh) (S;) 1.62
5% B12T93/75%G/PTh (C) 1.84
SPS(5% BiyTes/75%G/PTh) (Ss) 1.96

unit volume) between BisTe; and G, because the
thermal conductivity of polymer composite is dom-
inated by the phonon-interface scattering, and a
high interface density could also scatter phonons
more effectively. Together with the low value of
thermal conductivity of PTh, we can achieve the
composite materials with a low thermal
conductivity.®

CONCLUSIONS

Bi,Tes/G/PTh composites with various propor-
tions were successfully fabricated. The results
demonstrate that the TE performance is simultane-
ously determined by three parameters (Seebeck
coefficient S, electrical conductivity o, and thermal
conductivity x), of which the strong interdependence
imposes restrictions on maximizing Z7T in homoge-
neous bulk materials. A remarkable enhancement
of electrical conductivity achieved by adding a high
content of G can significantly improve the proper-
ties of BiyTes/G/PTh hybrid thermoelectric materi-
als. The addition of low-content BisTes can also
increase the Seebeck coefficient to some extent and
the process of SPS can increase the Seebeck coeffi-
cient while decreasing the electrical conductivity.
From this work, we can conclude that the electrical
conductivity, the Seebeck coefficient, and the ther-
mal conductivity are not equal to the sum of the sub-
components, but is a mixture between material
architecture and microstructure. Further work on
the improvement of the ZT value of the composites
materials to realize a system application is ongoing
in our group.
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