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Binary polythiophene/multiwalled carbon nanotube (PTh/MWCNT) and
ternary PTh/SnSe/MWCNT composites with different weight proportions have
been successfully prepared by solution mixing, ultrasonic dispersion, and
mechanical ball milling. The morphology, microstructure, and thermal sta-
bility of all the samples were studied by x-ray diffraction analysis, Fourier-
transform infrared spectroscopy, field-emission scanning electron microscopy,
and thermogravimetric analysis. The electrical conductivity of both the binary
PTh/MWCNT and ternary PTh/SnSe/MWCNT composites was increased by
nearly five orders of magnitude compared with pure PTh across the whole
measurement temperature range. However, the Seebeck coefficient at room
temperature decreased sharply from 453:4lVK�1 for pure PTh to
11�20 lVK�1 for the composites. The thermal conductivity of all the com-
posites was lower than 0.6 Wm�1 K�1, being slightly higher than that of pure
PTh. As a result, the ZT values of all the composites were much higher than
that of pure PTh (0:032 � 10�4), reaching 1:3 � 10�4 and 1:62 � 10�4 at room
temperature for the binary PTh/MWCNT and ternary PTh/SnSe/MWCNT
composites, respectively. The maximum ZT value reached 3:05 � 10�4 at
433 K for the binary PTh/MWCNT composite with MWCNT content of
40 wt.%. These results suggest that the thermoelectric performance of PTh/
MWCNT composites can be greatly enhanced compared with pure PTh.
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INTRODUCTION

Thermoelectric materials, which can enable
energy conversion between heat and electricity,
have attracted great interest owing to the global
energy crisis and the advantages of thermoelectric
devices such as their small size, lack of pollution,
and no moving parts, and that they are easy to
carry.1–6 The energy conversion efficiency of ther-
moelectric materials is quantified by the

dimensionless figure of merit ZT ¼ a2rT=j, where
a is the Seebeck coefficient, r is the electrical
conductivity, j is the thermal conductivity, and T
is absolute temperature. For a given thermoelectric
material, the temperature-dependent Seebeck coef-
ficient a is calculated as aðTÞ ¼ �DV=DT, where DV
is the potential difference and DT is the tempera-
ture gradient. The sign of a indicates the conduction
type, with a<0 for n-type and a> 0 for p-type
semiconductors.7 The electrical conductivity r can
be expressed as the product of the charge carrier
mobility l and the charge carrier concentration n:
r ¼ nql, where q is the electric charge.8,9 The
thermal conductivity j is determined by the equa-
tion j ¼ qDCp, where q is the density, D is the
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thermal diffusivity, and Cp is the specific heat
capacity. A high-performance thermoelectric mate-
rial requires a high Seebeck coefficient and electri-
cal conductivity, but low thermal conductivity.10–13

However, these three parameters a, r, and j exhibit
strong interdependence and vary with temperature,
which impedes the maximization of ZT, requiring a
compromise between them to be found.14

Currently, the most popular thermoelectric mate-
rials are inorganic materials such as SnSe, Bi2Te3,
and Zn4Sb3, which show better thermoelectric per-
formance.15–17 In recent decades, nanostructured
inorganic materials, in which the thermal conduc-
tivity is reduced by phonon scattering at grain
boundaries while the Seebeck coefficient is
increased without greatly suppressing the electrical
conductivity via the energy filtering effect, have
shown great improvements in ZT.18 However, the
toxicity of the elements in such inorganic com-
pounds, the scarcity and high cost of the raw
materials, the difficulty in the processing, and the
high temperature of preparation have seriously
limited their wide application. Recently, conducting
polymers have attracted much attention as organic
thermoelectric materials, since they possess many
advantages over inorganic materials, such as low
density, facile processability, low cost, plentiful
resources, nontoxicity, and adjustable molecular
structure.1,2,4,19 The conducting polymers are
mainly conjugated polymers, such as polythiophene
(PTh),20–22 polyaniline (PANI),23 polypyrrole
(PPy),24 and poly(3,4-ethylenedioxythiophene)
(PEDOT).25–29 They usually possess intrinsic low
thermal conductivity. Nevertheless, organic mate-
rials have low electrical conductivity and Seebeck
coefficient, which result in poor thermoelectric
performance compared with inorganic materials.
Many efforts have been made to improve the
thermoelectric performance of organic materials in
recent years; For instance, one approach is to
introduce nanostructured inorganic materials with
excellent thermoelectric performance into a con-
ducting polymer matrix to form organic/inorganic
composites such as PTh/single-walled carbon nan-
otubes (SWCNT),30 poly(3-hexylthiophene)(P3HT)/
Bi2Te3,14 PEDOT/Sb2Te3,31,32 PANI/carbon nan-
otubes (CNTs),23,33 PPy/CNTs,34 and TiO2/CNT/
PANI.35 These organic/inorganic composite materi-
als simultaneously exhibit the advantages of both
inorganic and organic thermoelectric materials to
some extent.

Polythiophene (PTh) and its derivatives in both
doped and undoped state have been extensively
studied for various applications due to their high
electrical conductivity, environment friendliness,
good environmental stability, high flexibility, and
moderate bandgap.36 Multiwalled carbon nanotubes
and SnSe powders were selected as inorganic mate-
rials. Carbon nanotubes (CNTs) have attracted
great interest as inorganic fillers and have fre-
quently been used to improve the electrical

properties of organic thermoelectric materials
because of their unique structure and good electrical
and mechanical properties.20,23,36 SnSe is one of the
most promising state-of-the-art inorganic thermo-
electric materials because it has ultrahigh Seebeck
coefficient and ultralow thermal conductivity.37–39

In this work, PTh was chosen as the organic
material and binary PTh/MWCNT and ternary
PTh/SnSe/MWCNT composites with different
weight proportions were prepared to study their
thermoelectric performance. As expected, the PTh-
based composites exhibited much better thermo-
electric performance than pure PTh.

EXPERIMENTAL PROCEDURES

Sample Preparation

Thiophene (Th, 99+%) and MWCNTs were pur-
chased from Alfa Aesar. Anhydrous iron(III) chlo-
ride (FeCl3, AR) was purchased from Shanghai
Meryer Chemical Technology Co. Ltd. Acetonitrile
(CH3CN;AR), n-hexane (n� C6H14, AR), methanol
(CH3OH, AR), ethanol (C2H5OH, AR), and sodium
hydroxide (NaOH, AR) were bought from Sino-
pharm Chemical Regent Co. Ltd. Selenium (Se,
99.99%) powder and tin chloride dihydrate
(SnCl2 � 2H2O; 99:99%) were purchased from Alad-
din Regent Co. Ltd. Sodium borohydride (NaBH4,
AR) was purchased from Shanghai Lingfeng Chem-
ical Regent Co. Ltd. All the above chemicals were
used as received, and deionized water (18.2 MX)
was used throughout the experiment.

PTh microparticles were synthesized at an inter-
face between n� C6H14 and CH3CN according to
the procedure previously reported by Li et al.40

FeCl3 was used as the oxidant and was dissolved in
CH3CN phase. A typical procedure is as follows:
Firstly, 1.5 mL thiophene monomer was dissolved in
50 mL n � C6H14 at room temperature and stirred
for 30 min. Secondly, 12.3 g FeCl3 was dissolved in
40 mL of CH3CN and stirred for 10 min. The molar
ratio of thiophene/FeCl3 was 1:4. Thirdly, the FeCl3

solution was slowly added into the prepared
n � C6H14 solution with thiophene, then the mix-
ture was consistently stirred at room temperature
for 24 h. Fourthly, the PTh microparticles were
collected from the polymerization media by cen-
trifugation and further purified with methanol by
centrifugation for more than eight times until the
upper liquid in the centrifuge tube was colorless to
remove the unreacted chemicals. The color of the
PTh microparticles changed from dark green to
dark red during the washing procedure. Finally,
PTh powders were obtained after drying in air for
12 h at 80�C.

Polycrystalline SnSe powders were successfully
prepared by hydrothermal method similar to that
previously reported by Han et al.37 The preparation
process was as follows: First, 24 g NaOH and
13.53 g SnCl2 � 2H2O were dissolved in 300 mL
deionized water and gently stirred to obtain
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Na2SnO2 solution. Second, 4.73 g Se powder and
4.54 g NaBH4 were added into 300 mL deionized
water and stirred to obtain transparent NaHSe
solution. Third, the Na2SnO2 solution was heated
until it boiled, then the NaHSe solution prepared in
advance was dropped into the Na2SnO2 solution,
immediately producing black precipitates. Fourth,
the mixture was reacted at the boiling temperature
for 2 h, then the fabricated products were collected
by centrifugation after cooling down to room tem-
perature and washed using deionized water and
ethanol for several times. Final, fine SnSe powder
was obtained by drying under vacuum for 12 h at
50�C.

Binary PTh/MWCNT and ternary PTh/SnSe/
MWCNT composites with different weight propor-
tions, as presented in Table I, were prepared by
solution mixing, ultrasonic dispersion, and mechan-
ical ball mixing. Meanwhile, binary 10 wt.%SnSe/
90 wt.%MWCNT and ternary 50 wt.%PTh/
30 wt.%SnSe/40 wt.%MWCNT composites were
also prepared by this method. PTh, MWCNT, and
SnSe powders were mixed in a 250-mL round flask
with 150 mL anhydrous ethanol. The mixture was
stirred for 1 h at room temperature, then ultrason-
ically dispersed for 30 min and collected by filtering
from the solvent and drying under vacuum at 70�C
for 24 h. The dried mixtures were ground for 30 min
in an agate mortar, then mechanically ball milled in
a cylindrical jar. Finally, the ball-milled mixtures
were collected by filtering and drying under vacuum
at 70�C for 24 h, then the well-dispersed binary
PTh/MWCNT and ternary PTh/SnSe/MWCNT com-
posite powders were obtained after milled in an
agate mortar for 30 min. In the ternary PTh/SnSe/
MWCNT composites, the SnSe content was fixed at
10 wt.%. All the powders were cold pressed into
discs with diameter of 15 mm at pressure of 25 MPa
for measurement of thermoelectric properties. The
uncertainties on the electrical conductivity, thermal
conductivity, Seebeck coefficient, and ZT values are
�3%, �4%, �5%, and �11%, respectively.41

Characterization

Fourier-transform infrared (FT-IR) spectroscopy
was conducted on a Nicolet 5700 FT-IR spectrome-
ter with resolution of 4 cm�1 in the wavenumber
range of 400�4000 cm�1. Powder x-ray diffraction
(XRD) patterns of all the composites were obtained
on a Bruker D8 Advance x-ray diffractometer with
Cu Ka radiation (k ¼ 1:5418 Å). The morphology of
the PTh, MWCNT, SnSe, and all the composites was
observed by field-emission scanning electron micro-
scopy (FESEM). The thermal stability of the mate-
rials was studied by thermogravimetric analysis
(TGA) on a STA 7300 thermal analysis instrument.
The samples were heated from 30�C to 1000�C at a

rate of 10 K min�1 in nitrogen atmosphere. The
electrical conductivity (r) and Seebeck coefficient (a)
of the bulk composites were measured simultane-
ously from room temperature to 150�C by using a
commercial Seebeck coefficient/electrical conductiv-
ity measuring system (ZEM-3, ULVAC-RIKO, Inc.)
in helium atmosphere. For the pure PTh bulk
sample, the electrical conductivity was measured
by using the standard four-probe technique with a
constant direct current (DC) of 10lA in vacuum,
and the Seebeck coefficient was measured using the
comparative method against a standard Constantan
(Ni: 40%) reference with known Seebeck coefficient
(a). The thermal conductivity (j) of all the samples
was calculated using the relationship j ¼ qDCp,
where D is the thermal diffusivity obtained by the
laser flash diffusivity method (LFA-457, Netzsch,
German) in argon atmosphere, Cp is the specific
heat capacity measured by differential scanning
calorimeter (DSC Q20, TA instrument, USA), and q
is the density of the material as determined by the
Archimedes method.

RESULTS AND DISCUSSION

FT-IR Spectroscopy

The FT-IR spectra of pure PTh, MWCNTs, and
the 80 wt.%PTh/20 wt.%MWCNT and ternary PTh/
SnSe/MWCNT composites are shown in Fig. 1. In
the spectrum of pure PTh, the weak absorption peak
at 3060 cm�1 can be attributed to C–H stretching
vibrations of thiophene ring.40,42 The wavenumber
range of 600 cm�1 to 1500 cm�1 contains the fin-
gerprint of pure PTh. The peaks at 1488 cm�1 and
1436 cm�1 can be assigned to C=C symmetric
stretching vibrations of thiophene ring.43 The band
at 1320 cm�1 is ascribed to C–C stretching vibra-
tion. The peaks at 1109 cm�1 as well as 1028 cm�1

are identified as in-plane bending vibrations of
aromatic C–H.43,44 The strongest absorption peak
at 784 cm�1 belongs to C–H out-of-plane stretching
vibration, indicating a–a linkage between the thio-
phene rings. The characteristic peak at 693 cm�1 is
indicative of C–S stretching vibration of thiophene
ring.42–44 The new band at 1737 cm�1 may be

Table I. Component proportions of PTh/MWCNT
and PTh/SnSe/MWCNT composites

Sample PTh (wt.%) MWCNT (wt.%) SnSe (wt.%)

1 100 – –
B-1 90 10 –
B-2 80 20 –
B-3 70 30 –
B-4 60 40 –
B-5 50 50 –
T-1 80 10 10
T-2 70 20 10
T-3 60 30 10
T-4 50 40 10
T-5 40 50 10
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caused by C=C asymmetric stretching vibration of
thiophene ring. All these characteristic absorption
peaks confirm the polymerization of the PTh
microparticles. The binary PTh/MWCNT and tern-
ary PTh/SnSe/MWCNT composites showed FT-IR
bands nearly identical to those of PTh in the range
of 600 cm�1 to 1500 cm�1. However, the intensity of
these characteristic peaks gradually weakened with
increase of the MWCNT content from 10 wt.% to 50
wt.% for the ternary PTh/SnSe/MWCNT and binary
PTh/MWCNT composite samples, and some peaks
were even obscured by the absorption bands of the
MWCNTs.

x-Ray Diffraction Analysis

Figure 2 presents the x-ray diffraction patterns of
pure PTh, MWCNTs, SnSe, and the binary PTh/
MWCNT and ternary PTh/SnSe/MWCNT composite
samples with different weight proportions. The XRD
pattern of pure PTh exhibits a broad, amorphous
diffraction peak at approximately 2h ¼ 20�24�,
which is in accordance with previous reports.40,43

The characteristic peaks at approximately
2h ¼ 25:7�, 39�, and 43� belong to pure MWCNT
(Fig. 2a), while the peaks at 2h ¼ 25:3�, 29:4�, 30:4�,
31�, 37:8�, 43�, and 49:7� are ascribed to polycrys-
talline SnSe powder (Fig. 2b), consistent with Joint
Committee on Powder Diffraction Standards
(JCPDS) card no. 48-1224. Furthermore, a sharp
peak appeared at 2h ¼ 18� for all composites but not
pure PTh, which can be attributed to ZrO2 intro-
duced during ball milling. The diffraction patterns
for the binary PTh/MWCNT composite samples
contained the characteristic peaks of both PTh and
MWCNT, and the intensity of the peaks became
stronger with increase of the MWCNT content. In
the diffraction patterns of the ternary PTh/SnSe/
MWCNT composites, the characteristic peaks of
PTh, MWCNT, and SnSe merged, while the inten-
sity of the characteristic peak of MWCNT at 2h ¼

25:7� became stronger with increase of the MWCNT
content from 10 wt.% to 50 wt.%, overlapping with
a peak of SnSe at 2h ¼ 25:3�. These x-ray diffrac-
tograms confirm the successful preparation of the
binary PTh/MWCNT and ternary PTh/SnSe/
MWCNT composites.

FESEM

The microscopic morphology of pure PTh, SnSe,
and the binary PTh/MWCNT and ternary PTh/
SnSe/MWCNT composites as observed by field-
emission scanning electron microscopy (FESEM) is
shown in Fig. 3. From Fig. 3a, b, it is clearly
observed that the pure PTh sample polymerized at
an interface was composed of spherical particles
with nearly uniform dispersion. The diameter of the
particles was around 160 nm to 200 nm. The SnSe
prepared by a hydrothermal method presented
laminated structure with a wide size range. Fig-
ure 3c–g shows the morphology of the binary PTh/
MWCNT composites with different weight propor-
tions. It is obviously seen that the MWCNTs were
uniformly dispersed into the PTh microparticle
matrix when the MWCNT content was less than
30 wt.%, while the PTh microparticles were covered
by MWCNTs when the MWCNT content exceeded
30 wt.%. For the ternary PTh/SnSe/MWCNT

Fig. 1. FT-IR spectra of the pure PTh, MWCNTs, and binary
80 wt.%PTh/20 wt.%MWCNT and ternary PTh/SnSe/MWCNT
composites with different weight proportions.

(a)

(b)

Fig. 2. x-Ray diffraction patterns of (a) pure PTh, MWCNTs, and
binary PTh/MWCNT composites, and (b) pure PTh, MWCNTs,
SnSe, and ternary PTh/SnSe/MWCNT composites with different
MWCNT contents.

Jiang, Zhang, Deng, Zhou, Wang, Chen, Qi, and Tang2374



composite samples, the morphology is presented in
Fig. 3h–l. With increase of the MWCNT content
from 10 wt.% to 50 wt.%, the MWCNTs and SnSe
were first coated by PTh microparticle matrix, then
the morphology changed to wrapping of PTh parti-
cles and SnSe by MWCNTs. Layered SnSe could be
found in the FESEM images of all the ternary PTh/
SnSe/MWCNT composite samples (Fig. 3h–l). The
red, yellow, and green arrows in Fig. 3h indicate
PTh microparticles, SnSe, and MWCNTs, respec-
tively. These FESEM studies are consistent with
the FT-IR spectroscopy and XRD analysis results
above, confirming that uniformly dispersed PTh/
MWCNT and PTh/SnSe/MWCNT composites were
obtained by solution mixing, ultrasonic dispersion,
and mechanical ball milling.

In addition, there are two other phenomena which
need to be noted. The PTh microparticles tended to
aggregate and the particle size increased after
ultrasonic dispersion and mechanical ball milling,

which is due to the fact that the polymer is prone to
deform under external forces. Another phenomenon
is that the coating of PTh and SnSe by MWCNTs in
the ternary PTh/SnSe/MWCNT composites was
more obvious than in the binary PTh/MWCNT
composites when the MWCNT content exceeded
40 wt.%, which is due to the lower PTh content in
the ternary composites even for given MWCNT
content (since the SnSe content was fixed at
10 wt.%).

Thermogravimetric Analysis

The thermal stability of pure PTh and the binary
80 wt.%PTh/20 wt.%MWCNT and ternary PTh/
10 wt.%SnSe/50 wt.%MWCNT composites was
investigated, and the results are shown in Fig. 4.
In the inset to this figure, an obvious weight loss
occurs at the same temperature of 700 K for all
three samples, being due to the decomposition of
PTh. Pure SnSe is reported to be stable up to high

Fig. 3. FESEM images of (a) PTh microparticles, (b) SnSe powder, PTh/MWCNT composites with MWCNT content of (c) 10 wt.%, (d) 20 wt.%,
(e) 30 wt.%, (f) 40 wt.%, and (g) 50 wt.%, and PTh/SnSe/MWCNT composites with MWCNT content of (h) 10 wt.%, (i) 20 wt.%, (j) 30 wt.%, (k)
40 wt.%, and (l) 50 wt.%.

Enhanced Thermoelectric Performance of Polythiophene/Carbon Nanotube-Based Composites 2375



temperature of 993 K,45 while pure MWCNTs are
thermally stable to temperatures above 1000 K.20,46

Therefore, the rate of mass loss of pure PTh is faster
than that of the composites. The thermal stability of
the binary 80 wt.%PTh/20 wt.%MWCNT and tern-
ary PTh/10 wt.%SnSe/50 wt.%MWCNT composite
samples was better than that of pure PTh below
500 K, with mass loss of less than 1%, which can be
attributed to the good thermal stability of both the
MWCNTs and SnSe and the uniform dispersion of
the three components. These results suggest that

the thermoelectric properties of pure PTh and the
binary PTh/MWCNT and ternary PTh/SnSe/
MWCNT composites can be measured up to 500 K
without destroying the molecular structure of the
polymer.

Thermoelectric Properties

Binary PTh/MWCNT Composites

Figure 5a, b, c, and d present the electrical
conductivity r, Seebeck coefficient a, thermal con-
ductivity j, and ZT value of the pure PTh micropar-
ticles and binary PTh/MWCNT composite samples
in the temperature range of 303 K to 430 K.
Meanwhile, the thermoelectric properties of pure
MWCNT were also measured for comparison with
the PTh/MWCNT composites (Supplementary
Fig. S1). The pure PTh microparticles showed
ultralow electrical conductivity, which increased

from 0.0211 Sm�1 at 303 K to 0.334 Sm�1 at
430 K, revealing a semiconducting characteristic.
In comparison with pure PTh, the electrical con-
ductivity of the binary PTh/MWCNT composites
increased rapidly with increase of the MWCNT
content. At room temperature, the electrical con-

ductivity was 61.3 Sm�1 for the binary 90 wt.%PTh/
10 wt.%MWCNT composite, increasing to

1035.6 Sm�1 for the binary 50 wt.%PTh/
50 wt.%MWCNT composite. Meanwhile, the

Fig. 4. TGA results for pure PTh and binary 80 wt.%PTh/
20 wt.%MWCNT and ternary PTh/10 wt.%SnSe/50 wt.%MWCNT
composites between 340 K and 700 K. Inset: TGA curves of the
three samples between 340 K and 1273 K.

(a)

(c) (d)

(b)

Fig. 5. Thermoelectric properties of pure PTh and binary PTh/MWCNT composite samples: (a) electrical conductivity r, (b) Seebeck coefficient
a, (c) thermal conductivity j, and (d) ZT value.
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electrical conductivity of all the composite samples
increased slowly with temperature from room tem-
perature to 430 K.

As shown in Fig. 5b, the Seebeck coefficient of
pure PTh and the binary PTh/MWCNT composites
was positive in each case, indicating that pure PTh
and the binary PTh/MWCNT composites were p-
type semiconductors. Ultrahigh Seebeck coefficients

of 450 lV K�1 to 650 lVK�1 were obtained for pure
PTh. However, the Seebeck coefficient decreased
sharply after introducing MWCNTs in the binary
PTh/MWCNT composites. For the binary
50 wt.%PTh/50 wt.%MWCNT composite, a
decreased to a minimum value of 13.3 lVK�1 at
room temperature. This might be due to the
increase of the carrier concentration introduced by
the MWCNTs. On the other hand, the Seebeck
coefficient of pure MWCNT was also rather low,

being only �2:8lVK�1 at room temperature (Sup-
plementary Fig. S1).

The thermal conductivity j of pure PTh and the
binary PTh/MWCNT composite samples is shown in
Fig. 5c. The Cp, D, and q values of PTh and the
binary composites are shown in Supplementary
Fig. S2 and Table S1, respectively. Pure PTh
showed an ultralow thermal conductivity of 0.41

Wm�1 K�1 at room temperature, first showing an
increase with increasing temperature, reaching a
maximum value, then decreasing with temperature.
In comparison with pure PTh, higher thermal
conductivity was observed for all the binary PTh/

MWCNT composites, albeit below 0.6 Wm�1 K�1.
This indicates that the thermal conductivity of the
PTh/MWCNT composites was less affected by the
inclusion of MWCNTs. The low thermal conductiv-
ity of all the PTh/MWCNT composites can be
attributed to strong phonon scattering at the inter-
faces between PTh and MWCNTs which exist in
these composite materials. The variation of the
thermal conductivity with temperature in the
binary PTh/MWCNT composites was similar to that
of pure PTh.

Using the above measured parameters, the ZT
value of pure PTh was calculated to be 0:032 � 10�4

at 303 K, increasing to 1:52 � 10�4 at 430 K due to
the higher Seebeck coefficient and electrical con-
ductivity at high temperatures. The ZT values of all
the PTh/MWCNT composites were higher than that
of pure PTh at room temperature, increasing from
0:13 � 10�4 to 1:3 � 10�4 as the MWCNT content
was increased from 10 wt.% to 40 wt.%. Thus, the
thermoelectric performance of the PTh/MWCNT
composites was enhanced by nearly two orders of
magnitude compared with pure PTh at room tem-
perature. The maximum ZT reached 3:05 � 10�4 at
433 K for the binary PTh/MWCNT composite with
MWCNT content of 40 wt.%.

Ternary PTh/SnSe/MWCNT Composites

Figure 6 shows the thermoelectric properties of
the ternary PTh/SnSe/MWCNT composite samples
in the temperature range from room temperature
(� 300 K) to 430 K. The results for pure PTh are
also shown for comparison. Furthermore, the ther-
moelectric properties of the 10 wt.%SnSe/
90 wt.%MWCNT composite were also measured for
comparison with the PTh/SnSe/MWCNT composites
(Supplementary Fig. S1). The ternary PTh/SnSe/
MWCNT composite samples exhibited much higher
electrical conductivity compared with pure PTh,
and their conductivity was also higher than that of
the binary PTh/MWCNT composites with identical
MWCNT content, which can be ascribed to the
addition of SnSe with high electrical conductivity.
The conductivity increased continuously with
increase of the MWCNT content from 10 wt.% to

50 wt.%, reaching 1221.9 Sm�1 at room tempera-
ture for the ternary PTh/10 wt.%SnSe/
50 wt.%MWCNT composite. Additionally, the elec-
trical conductivity of all the composite samples
showed a slight increase with increasing tempera-
ture, indicating semiconducting behavior.

Figure 6b presents the Seebeck coefficient of PTh
and the PTh/SnSe/MWCNT composites. Similar to
the binary PTh/MWCNT composites, the ternary
PTh/SnSe/MWCNT composites also exhibited much
lower Seebeck coefficient compared with pure PTh
across the whole measurement temperature range.
At room temperature, the maximum Seebeck coef-

ficient was found to be 15.9 lVK�1 for the MWCNT
content of 30 wt.%, while in the PTh/SnSe/MWCNT
composite with MWCNT content of 50 wt.%, it

showed a minimum value of 12.9 lVK�1, revealing
an irregular change with increase of the MWCNT
content. This can be ascribed to the complex syner-
gistic mechanism caused by the coexistence of three
phases in these composite materials.

The thermal conductivity of pure PTh and the
ternary PTh/SnSe/MWCNT composite samples is
shown in Fig. 6c. The Cp, D, and q values of the
ternary composites are shown in Supplementary
Fig. S3 and Table S1, respectively. The ternary
PTh/SnSe/MWCNT composites showed higher ther-
mal conductivity compared with PTh, but all below

0.59 Wm�1 K�1, indicating that dispersion of SnSe
and MWCNTs into PTh had only a very slight effect
on the thermal conductivity. The thermal conduc-
tivity of the PTh/SnSe/MWCNT composite with
20 wt.% MWCNT was the highest at 360 K and
390 K, which might be due to the uniform disper-
sion of MWCNTs in PTh and its higher bulk density
than the other ternary composites. FESEM revealed
that the MWCNTs were uniformly dispersed into
the PTh microparticle matrix when the MWCNT
content was less than 30 wt.%. The thermal
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conductivity of SnSe single crystals exhibits aniso-
tropy, depending on the crystallographic axis
(� 0.46 W m�1 K�1, 0.70 W m�1 K�1, and

0.68 Wm�1 K�1 at room temperature along a, b,
and c axis, respectively).38 In our SnSe nanopowder,
the average thermal conductivity should be close to
or just slightly higher than that of pure PTh. The
low thermal conductivity of the ternary PTh/SnSe/
MWCNT composites might also be due to strong
phonon scattering taking place at various interfaces
in the composites. The thermal conductivity became
even lower than that of pure PTh when the MWCNT
content was increased to 50 wt.%, which might be
caused by the lower material density, thermal
diffusivity, or specific heat capacity of the ternary
PTh-based composite samples compared with pure
PTh.

The temperature dependence of the ZT value of
the ternary PTh/SnSe/MWCNT composite samples
is shown in Fig. 6d. Similar to the binary PTh/
MWCNT composite materials, the ZT value of all
the PTh/SnSe/MWCNT composite samples was
higher than that of pure PTh at room temperature,
increasing to a value of 1:62 � 10�4 at room tem-
perature when the MWCNT content was 50 wt.%,
which is higher than that of the binary PTh/
MWCNT composites (1:3 � 10�4) or 10 wt.%SnSe/
90 wt.%MWCNT composite (0:11 � 10�4) at room

temperature. This illustrates that the ternary
organic/inorganic composites exhibited better ther-
moelectric performance than the binary ones to
some extent.35 The maximum ZT reached 2:3 � 10�4

at 433.5 K for ternary PTh/SnSe/MWCNT compos-
ites, being lower than that of the binary PTh/
MWCNT composites (3:05 � 10�4 at 433 K).

These results confirm that introduction of
MWCNTs or SnSe/MWCNTs into PTh can greatly
improve the thermoelectric performance of pure
PTh. We further prepared the ternary 50 wt.%PTh/
30 wt.%SnSe/40 wt.%MWCNT composite to study
whether the content of SnSe affected the perfor-
mance of the ternary PTh/SnSe/MWCNT compos-
ites and compare it with the ternary 50 wt.%PTh/
10 wt.%SnSe/40 wt.%MWCNT composite, which
exhibited the best thermoelectric performance at
high temperature among the ternary PTh/SnSe/
MWCNT composites. The thermoelectric properties
of the ternary 50 wt.%PTh/30 wt.%SnSe/
40 wt.%MWCNT composite is shown in Supplemen-
tary Fig. S4. It is clearly seen that the r, a, and ZT
values of the ternary 50 wt.%PTh/30 wt.%SnSe/
40 wt.%MWCNT composite were much lower than
those of the ternary 50 wt.%PTh/10 wt.%SnSe/40
wt.%MWCNT composite, indicating that the ther-
moelectric performance of the ternary composites
will sharply decrease with increase of the SnSe

(a) (b)

(c) (d)

Fig. 6. Thermoelectric properties of pure PTh and ternary PTh/SnSe/MWCNT composite samples: (a) electrical conductivity r, (b) Seebeck
coefficient a, (c) thermal conductivity j, and (d) ZT value.
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content. Therefore, introduction of only a small
amount of SnSe can enhance the thermoelectric
performance.

Table II presents the thermoelectric properties at
120�C of various PTh/MWCNT-based composites
reported by other workers in recent years, clearly
revealing that the composites described herein
exhibited better thermoelectric performance. Fur-
thermore, it is clear that the electrical conductivity
rapidly increased with increasing MWCNT content
in both the binary PTh/MWCNT and ternary PTh/
SnSe/MWCNT composites, while the Seebeck coef-
ficient and thermal conductivity showed no obvious
change. It is therefore expected that the ZT value
could be further enhanced by improving the electri-
cal conductivity via increasing the MWCNT content.

CONCLUSIONS

Binary PTh/MWCNT and ternary PTh/SnSe/
MWCNT composites were prepared by solution
mixing, ultrasonic dispersion, and mechanical ball
milling. FESEM revealed SnSe and MWCNTs well
dispersed into a PTh microparticle matrix when the
MWCNT content was lower than 30 wt.%, while
PTh and SnSe were wrapped by a MWCNT matrix
on further increase of the MWCNT content. The
thermal stability of the composites was better than
that of pure PTh according to TGA. The electrical
conductivity of both the binary PTh/MWCNT and
ternary PTh/SnSe/MWCNT composites was greatly
improved compared with pure PTh across the whole
measurement temperature range. However, the
Seebeck coefficient decreased dramatically after
introducing SnSe and MWCNTs into PTh. The
thermal conductivity remained below

0.6 Wm�1 K�1 for all the composites. As a result,
the ZT values of all the composites were signifi-
cantly enhanced compared with pure PTh. At room
temperature, the maximum ZT value reached 1:3 �
10�4 and 1:62 � 10�4 for the binary PTh/MWCNT
and ternary PTh/SnSe/MWCNT composites, being
about 40 and 50 times that of pure PTh, respec-
tively. These results show that organic/inorganic
composites can effectively improve the thermoelec-
tric performance compared with pure conducting
polymers.
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