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Abstract Bi,S; nanotubes and de-doped poly(3,4-
ethylenedioxythiophene) (PEDOT) composite nano-
powders were synchronously synthesized by a one-pot
self-assembly method. The powders were character-
ized by X-ray powder diffraction, infrared spectros-
copy, and transmission electron microscopy,
respectively. Thermoelectric properties of the Bi,S;—
PEDOT composite nanopowders with different Bi,S;
contents after being cold pressed into pellets were
measured at room temperature. The sample with
36.1 wt% Bi,S; has a highest power factor of
2.3 pWm ™~ 'K™2, which is higher than that of both
pure PEDOT (0.445 pWm 'K™?) and Bi,S;
(1.94 yWm~'K72).
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Introduction

Thermoelectric (TE) materials have recently attracted
much attention for their potential applications in power
generation, cooling, and thermal sensing. The perfor-
mance of a TE material is evaluated by the dimen-
sionless figure of merit ZT (ZT = o’cT/x, where T is
the absolute temperature, o the Seebeck coefficient,
o the electrical conductivity and x the thermal
conductivity). Although telluride or selenide materials,
such as (Bi, Sb),(Te, Se); (Datta et al. 2010; Venkat-
asubramanian et al. 2001; Yan et al. 2010), Pb(Te, Se)-
based compounds (Harman et al. 2002; Hsu et al. 2004),
have good TE property, it is necessary to explore new
TE materials because of the toxicity of tellurium and
selenium, and the conflict between their less abundance
and large consumption in the field of solar cells.
Bismuth trisulfide (Bi,S3) with a band gap of 1.3 eV
is a layered semiconductor which crystallizes in the
Pbnm orthorhombic space group. It has recently
attracted increasing attention due to its potential appli-
cation in TE field (Chen et al. 1997; Liufu et al. 2007).
TE nanostructures have theoretically and experimentally
been shown with enhanced TE properties because of
quantum size effect and enhanced interface scattering of
phonons (Boukai et al. 2008; Harman et al. 2002; Hicks
and Dresselhaus 1993; Hicks et al. 1996; Hochbaum
et al. 2008; Venkatasubramanian et al. 2001). Recently,
various techniques have been utilized to prepare Bi,S;
nanostructures, such as vapor deposition (Ye et al.
2002; Yu and Cao 2008), hydrothermal/solvothermal
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synthesis (Chen et al. 2003; Shi et al. 2006), ultrasonic
chemical method (Xing et al. 2003; Zhu et al. 2003),
electrochemical method (Huang et al. 2008), micro-
wave-assisted route (He et al. 2003), surfactant-assisted
approach (Li et al. 2002), and high temperature
(120-180 °C) chemical method in solution of oleic acid
and oleylamine (8:3) (Ibafiez etal. 201 1). These methods
usually require expensive apparatus or relative compli-
cated process. In this study, we developed a facile route
to prepare Bi,S; nanotubes in aqueous solution at room
temperature and atmosphere pressure.

Besides traditional inorganic TE materials, increas-
ing attention has been paid to organic materials,
especially conjugated polymers such as polyaniline,
polypyrrole, polythiophene (PTh) and their derivatives
(Feng and Ellis 2003; Jiang et al. 2008; Kaiser 2001; Li
et al. 2010; Sun et al. 2010; Toshima 2002), as they
possess a number of advantageous properties including
low density, low thermal conductivity, low cost, and
ease of synthesis and processing into versatile forms.
One of the PTh derivatives, poly(3,4-ethylenedioxy-
thiophene) (PEDOT) becomes more and more impor-
tant due to its low redox potential, high electrical
conductivity, and good environmental stability. The
thermal conductivity of the PEDOT is usually lower
than that of inorganic materials, which is good to
increase ZT value. Unfortunately, the ZT value of
PEDOT is still much lower than that of traditional TE
materials (Jiang et al. 2008).

It is reported that introducing a highly electrical
conducting secondary phase into a material to increase
the electrical conductivity while not negatively affect-
ing the Seebeck effect can improve TE properties
(Mori et al. 2007). Fabricating polymer-inorganic TE
nanocomposite materials may be a good way to obtain
high TE properties, as the composite may inherit the
properties of both the polymer and inorganic nano-
structures (Yao et al. 2010; Yu et al. 2008). Recently,
several contributions have devoted to the PEDOT
based hybrid TE materials. For example, Kim et al.
reported that enhanced TE property could be obtained
by filling carbon nanotubes into PEDOT:PSS
[poly(styrenesulfonate)] (Kim et al. 2010). The com-
posite has much higher electrical conductivities than
the pure PEDOT:PSS without significantly altering
Seebeck coefficient. Zhang et al. incorporated ball
milled Bi,Te; powders into commercialized PE-
DOT:PSS products and the composite material
showed outstanding power factor of 70 pWm™ 'K~
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(Zhang et al. 2010). See et al. reported a film
consisting of PEDOT:PSS functionalized Te nanorods
prepared directly from water, and the ZT value of the
hybrid film reaches about 0.1 at room temperature,
which is the highest ZT value of aqueous processed
materials (See et al. 2010).

In our previous study, we have synthesized PbTe-
modified de-doped PEDOT nanotubes by first prepar-
ing PbTe nanoparticles and then in situ polymerization
at n-hexane/acetonitrile interface (Wang et al. 2011).
This work presents a one-pot self-assembly method to
prepare Bi,S; nanotubes and PEDOT composite
powders. The electrical conductivity and Seebeck
coefficient of the composite powders after cold
pressing were measured at room temperature.

Experimental

The 3,4-ethylenedioxythiophene (EDOT) monomer
was purchased from Suzhou Yield Pharma Co. Ltd.,
China, and other reagents were purchased from
Sinopharm Chemical Reagent Co. Ltd., China. All
reagents were analytical grade and directly used
without further purification.

Synthesis of PEDOT

In a typical run, 10 mmol (NH,4),S,Og (APS) was
dissolved in 50 mL 2 mol/L nitric acid, and the solution
was called solution A. 1 mL (&~ 10 mmol) of EDOT
was dissolved in 50 mL isopropanol, and the solution
was called solution B. Solution A was dropped into the
solution B at one drop every 2 s, followed by stirring for
4 hatroom temperature. Then the solution was placed at
room temperature without stirring for about 20 h. The
product was collected from the polymerization media by
centrifugation and rinsed with deionized water and
absolute ethanol in sequence for several times, then
separated by centrifugation for 5 min at 4,000 rpm and
finally dried in vacuum at 70 °C. The product is called
sample IA. Some of the sample TA was treated with
0.2 M ammonium hydroxide to become de-doped
PEDOT, which is called sample IB.

Synthesis of Bi,S; nanotubes

In a typical run, 2 mmol Bi(NOs3)3-5H,O and 3 mmol
thioacetamide were dissolved in 100 mL 1 mol/L
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nitric acid. The solution was called solution C. The
solution was placed at room temperature without
stirring. About 24 h later, there were black precipitates
at the bottom of the beaker. The black precipitates
were washed with deionized water and absolute
ethanol in sequence for several times, then separated
by centrifugation for 5 min at 4,000 rpm and finally
dried in vacuum at 70 °C. The yield was ~91 %. The
product is called sample II.

One-pot fabrication of PEDOT-Bi,S; composite
nanopowders

A typical synthetic process of PEDOT-Bi,S; compos-
ite nanopowders was performed as follows: 25 mL
solution A, 25 mL solution B, and 20 mL solution C
was prepared, respectively. Solution A was dropped
into solution B at one drop every 2 s, then solution C
was added into the mixture of solutions A and B
followed by stirring for 4 h at room temperature. After
that the mixed solution was placed at room temper-
ature without stirring for about 20 h. The precipitate
obtained at the bottom of the beaker was washed with
deionized water, ammonium hydroxide, absolute
ethanol in sequence for several times, then separated
by centrifugation for 5 min at 4,000 rpm and finally
dried in vacuum at 70 °C. The product is called sample
II1. The Bi,S; content (¢) was estimated on the basis of
yield of sample II (91 %) and calculated by the
equation: ¢ = (wl x 91 %)/w x 100 %, where wl is
the theoretical weight of Bi,S; generated in the
reaction system and w the weight of the final product.
Bi,S; content in the sample III was estimated to be
~17.8 wt%.

This procedure was repeated but adding 30, 40, and
50 mL solution C, respectively. The Bi,S; content in
the corresponding composite powder was estimated to
be 25.0, 30.2, and 36.1 wt%, respectively.

The synthesis conditions of all samples were briefly
listed in Table 1.

Characterization

Samples IB, II and III were examined by X-ray
diffraction (XRD) performed on a Bruker D8
Advanced X-ray Diffractometer with Cu K, radiation
(4 = 1.5406 A). FTIR spectroscopy was used to
characterize the molecular structure of samples IA,
IB, and III. The morphology of samples II and IIT was
observed with transmission electron microscopy
(TEM, Hitachi H-800). The powder samples were
cold pressed into pellets (10 mm in diameter and about
1 mm in thickness) at ~10 MPa for -electrical
conductivity and Seebeck coefficient measurement.
The bulk electrical conductivity of each pellet was
measured by a two-probe method: the pellet was
sandwiched with two round-disk copper electrodes.
The Seebeck coefficient was determined by the slope
of the linear relationship between the thermal electro-
motive force and temperature difference (~ 10-15 K)
between the two sides of each pellet. The error of the
measured Seebeck coefficient values is <10 %.

Results and discussion

Figures 1a, b and ¢ show XRD patterns of samples IB,
IT and III, respectively. The pattern of sample IB
(Fig. 1a)is a typical amorphous pattern with a low and
broad peak at about 23°, due to its poor crystallinity.
All the diffraction peaks for sample II can be indexed
to the reported Bi,S; (JCPDS card file, No. 89-8964)
with the Pbnm space group. The XRD pattern of
sample III is quite similar to that of sample II. A weak
peak at about 23° (marked by a star) can also be found
in the XRD pattern of sample IIl. Therefore, the
composite mainly consists of two phases: Bi,S; and
PEDOT.

Figure 2a shows the infrared spectrum of sample
IA, which corresponds to that for PEDOT. The peaks
at 688, 835, and 979 cm ™! are assigned to C-S bond

Table 1 The synthesis

condition for each sample Samples Composition Synthesis media Doped/dedoped
Sample TA PEDOT Mixture of isopropanol and H,O HNOj3-doped
Sample 1B PEDOT Mixture of isopropanol and H,O Dedoped
Sample II Bi,S; H,O -
Sample IIT PEDOT-Bi,S3 Mixture of isopropanol and H,O Dedoped
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Fig. 1 Typical XRD patterns of the (a) sample IB, (b) sample
11, and (c¢) sample III, the standard XRD data of Bi,S; (JCPDS
card file, 89-8964) was also given for comparison
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Fig. 2 FT infrared transmission spectra of (a) sample IA,
(b) sample IB, and (c) sample III

stretching vibration in thiophene rings, and the
absorption peaks at 1,513 and 1,357 cm ™! are related
to the C-C or C=C stretching of the vibration
thiophene rings. The peaks at 1,051, 1,085, and
1,201 cm™" could be attributed to the stretching of
—C—O—-C- bonds. The absorption peak at 1,641 cm™"
indicates that the obtained PEDOT has been doped
after polymerizing reaction, which agrees with the
result reported in ref. (Groenendaal et al. 2000). There
is no adsorption peak at 1,641 cm ™" in the spectrum of
sample IB (Fig. 2b), indicating a reductive state of the
PEDOT. The spectrum for sample III (Fig. 2c) is very
similar to that of sample IB. Combining the XRD and
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FTIR results, it can be deduced that sample III consists
of Bi,S; and reductive PEDOT.

Figures 3 a and b show typical TEM images of
samples II and III, respectively. It can be seen from
Fig. 3 a that sample II mainly consists of one-
dimensional (1D) nanostructures. It is seen from the
enlarged image (inset in Fig. 3a) of the square zone
in Fig. 3a that the nanostructures are in fact nano-
tubes with diameter of ~80 nm and length of
~500-800 nm. The Bi,S; nanotubes should be longer
as they could be broken during the ultrasonic disper-
sion procedure. The surface of the Bi,S3 nanotubes is
very smooth and clear. During the reaction procedure,

Fig. 3 Typical TEM images of a sample II and b sample III
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the thioacetamide was slowly hydrolyzed in the acidic
solution to generate H,S, and then the H,S reacted with
Bi’ " to form Bi,S5 nuclei. The nuclei grew up to form
Bi,S; nanotubes because of highly anisotropic struc-
ture of the orthorhombic Bi,Ss.

A typical TEM image of the PEDOT-Bi,S; com-
posite nanopowders is shown in Fig. 3b. Bi,S; nano-
tubes are with dark contrast, while the PEDOT is with
lighter contrast. The formation mechanism of the
composite nanostructures is suggested as follows: the
Bi,S; nanotubes were formed as mentioned above.
Meanwhile, EDOT monomer was oxidized by 520827
and formed PEDOT which coated on the Bi,S; nano-
tubes. As both the Bi,S; nanotubes and the PEDOT were
formed in a homogeneous solution, Bi,S; nanotubes
were well dispersed in the PEDOT matrix.

The electrical conductivity, Seebeck coefficient,
and power factor of samples IA, IB and II after cold
pressing at room temperature are given in Table 2.
The electrical conductivity and Seebeck coefficient of
sample IA are 348 Sm™' and 16.9 pVK ™', respec-
tively, indicating P-type conduction. The charge
carriers of the sample are positive polarons or
bipolarons, created upon doping (Furukawa 1996).
Compared with sample IA, sample IB has much lower
electrical conductivity (0.166 Sm_l) but much larger
absolute Seebeck coefficient value (1,637.5 uVK_l).
This is because during the dedoping procedure for
preparation of sample IB, the counterions (NO;™)
were removed, which not only leads to a distinctly
decrease of carrier concentration, but also changes the
type of charge carriers. The calculated power factor of
the de-doped PEDOT (0.445 pWm™'K™?) is more
than four times higher than that of the doped one
(0.1 qu_lK_z). The electrical conductivity and
Seebeck coefficient of sample II after cold pressing are
37.6 Sm™ ' and —226.9 pVK ™!, respectively, which is

Table 2 The electrical conductivity, Seebeck coefficient, and
power factor (¢’c) of samples IA, IB and II at room
temperature

o o 0620

(Sm™) (VK™H) (uWm 'K

Sample

Sample TA (HNO;-doped 348 16.94 0.100
PEDOT)

Sample IB (de-doped 0.166  —1637.5 0.445
PEDOT)
Sample II (Bi,S3) 37.6 —2269 194

lower than that of the bulk Bi,S3 reported in ref.(Chen
et al. 1997). The low electrical conductivity should be
due to large quantity of interfaces which will strongly
scatter the transport of carriers.

As the Seebeck coefficient of doped PEDOT is
positive while those of de-doped PEDOT as well as
Bi,S; are negative, we chose the de-doped PEDOT as
the matrix of the composites. All the PEDOT-Bi,S5
composite nanopowders are dedoped by ammonium
hydroxide. Figure 4 shows the room-temperature elec-
trical conductivity, Seebeck coefficient, and power
factor of the composite nanopowders with different
amount of Bi,S; after cold pressing. As shown in
Fig. 4a, when the Bi,S; content increases from 0 to
36.1 wt%, the electrical conductivity of the samples
increases from 0.166 to 1.3 Sm™!, whereas the absolute
Seebeck coefficient value first increases from
1,637.5 WWK~' (pure PEDOT) to 1,724 pVK™!
(17.8 wt% Bi,S; sample, sample III) and then decreases
to 1,318 pVK ™! (36.1 wt% Bi,S; sample). The slightly
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Fig. 4 a Electrical conductivities, Seebeck coefficients and

b power factors («®0) of the nanocomposites with different
Bi,S; content after cold pressing
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increase of the Seebeck coefficient at low Bi,S; content
is probably due to the special nanostructures and the
interface between the PEDOT and Bi,S; nanotubes of
the composite powders.

Figure 4b shows that the calculated power factor
increases with the Bi,S; content increasing and that the
sample with 36.1 wt% Bi,S; has a highest power factor
value, 2.3 me_lK_z, which is higher than that of
pure Bi,S3 (1.94 qu_lK_z, see Table 2) and five
times as large as that of the pure PEDOT (0.445
uWm 'K™?), and the power factor still has an
increasing trend when the Bi,S; content is about
36.1 wt%. This power factor value is also higher than
that of the PbTe nanoparticles modified de-doped
PEDOT (1.44 pWm™'K™?) reported in ref. (Wang
et al. 2011). As inorganic TE component usually has
higher TE performance than polymer, the content of
inorganic TE nanostructures in the composite should
be as high as possible (Du et al. 2012). We believe that
further increase the content of Bi,S3, the power factor
of the composite could be further improved. Compared
with state-of-the-art inorganic TE materials, the power
factor of the composite is still very low. This is mainly
because of the relative low electrical conductivity of
Bi,S;. Hence, we deduce that a composite consisting of
the PEDOT and high electrical conducting 1D nano-
structures would have better TE properties.

Conclusions

In summary, a facile one-pot self-assembly route to
PEDOT-Bi,S; nanotubes composite powders at
room temperature was presented. The pure de-
doped PEDOT exhibited large Seebeck coefficient
(—1,637.5 uVK_l), but low electrical conductivity
(0.166 Sm_l). As the Bi,S3 content increased (up to
36.1 wt%), the electrical conductivity of the compos-
ite powder after cold pressing increased, whereas the
Seebeck coefficient first increased then decreased, and
the power factor monotonically increased. The sample
with 36.1 wt% Bi,S; had a highest power factor,
2.3 qu_lK_z, which is about five times as large as
that of the pure PEDOT. This work suggests that
fabrication of nanocomposites containing de-doped
conjugated polymers with large Seebeck coefficient
and one-dimensional inorganic TE semiconductors
with high electrical conductivity may be an alternative
route to TE materials with good properties.
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