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ABSTRACT: Bi2Te3 based alloy nanosheet (NS)/poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate) (PE-
DOT:PSS) composite films were prepared separately by spin
coating and drop casting techniques. The drop cast composite
film containing 4.10 wt % Bi2Te3 based alloy NSs showed
electrical conductivity as high as 1295.21 S/cm, which is higher
than that (753.8 S/cm) of a dimethyl sulfoxide doped
PEDOT:PSS film prepared under the same condition and
that (850−1250 S/cm) of the Bi2Te3 based alloy bulk material.
The composite film also showed a very high power factor
value, ∼32.26 μWm−1 K−2. With the content of Bi2Te3 based
alloy NSs increasing from 0 to 4.10 wt %, the electrical
conductivity and Seebeck coefficient of the composite films increase simultaneously.
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1. INTRODUCTION

Power generation from fossil fuels and nuclear energy is often
accompanied by substantial heat losses (∼60%). About 50% of
the waste heat is stored in large volume fluids (temperature
<250 °C) which has not yet been utilized effectively.1

Thermoelectrics (TEs) offers a promising solution to recover
low-grade waste heat into electricity. TE devices have many
attractive features, such as long operating lifetime, no moving
parts, no noise, easy maintenance, environmentally friendly, and
highly reliable.2,3

The TE performance of a material is evaluated by the
material’s dimensionless figure of merit, ZT = S2σT/κ (where S
is the Seebeck coefficient, σ is the electrical conductivity, κ is
the thermal conductivity, and T is the absolute temperature).4

However, the above-mentioned three parameters (S, σ, and κ)
are determined by the details of the electronic structure and
scattering of charge carriers and thus are not independent.
Therefore, it is quite difficult to get high ZT value (say ZT >
1.5) materials. Theoretical calculations and experiments have
both shown that low-dimensional TE materials have enhanced
ZT values, due to the quantum size effect and enhanced
interface scattering of phonons.2,5−9

Most of the previous efforts in the TE community have been
focused on inorganic TE materials. Bi2Te3 based alloy is
reported to be the best TE material system at room
temperature (RT). Much attention has been paid to improving
the TE properties of Bi2Te3 based alloys.9−12 Those having
high TE performances are mainly achieved by reducing thermal
conductivity resulting from nanostructures in the materials.
However, expensive raw material and high processing cost,

heavy metal pollution, and poor processability have limited
their broad applications.13−16

Although conducting polymers usually have a power factor
(PF, S2σ) ranging from 10−6 to 10−10 W·m−1·K−2, which is 3
orders of magnitude lower than that of the state-of-the-art
inorganic TE materials,17−20 they possess unique features such
as low thermal conductivity, low density, low cost, easy
synthesis, and relatively facile to be processed into versatile
forms.13 More and more attention has recently been paid
toward the TE properties of conducting polymers and
inorganic TE nanostructure/conducting polymer nanocompo-
sites, and much progress has been made.1,21−30 For example, a
tosylate doped poly(3,4-ethylenedioxythiophene) (PEDOT)
film with ZT = 0.25 at RT31 and a poly(styrenesulfonate)
(PSS) doped PEDOT film with ZT = 0.42 at RT32 were
successively reported. A nanocomposite consisting of inorganic
TE nanostructures and a conducting polymer is expected to
take advantage of both components to lower cost but improve
TE performance. However, until now, inorganic nanostructure/
conductive polymer nanocomposites with effectively enhanced
ZT values at RT have still not been developed (the highest ZT
value reported for inorganic nanostructure/polymer nano-
composites is the Te/PEDOT:PSS film with ZT ∼ 0.10 at
RT29). There are three main reasons for this result: 1)
Generally, conducting polymers or inorganic TE nanostruc-
ture/polymer nanocomposites, like inorganic TE materials, and
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their σ, κ, and S are interdependent.8,15 Changing one
parameter alters the others making the optimization of these
contradictory properties extremely difficult.33 Previously studies
on stretched polyaniline (PANI) films,34 β-naphthalene sulfonic
acid doped PANI nanotubes,35 organo-soluble PANI doped
with HCl,36 and tetrafluorotetracyanoquinodimethane doped
poly(3-hexylthiophene) film37 have indicated that σ and S
increased simultaneously because of the improved molecular
ordering of polymer chains and increased charge carrier
mobility. However, it is still difficult to increase the σ and S
simultaneously in inorganic nanostructure/conductive polymer
nanocomposites. 2) The research on the TE properties of
inorganic TE nanostructure/polymer nanocomposites is mainly
focused on choosing suitable methods for synthesis of the
composites and varying the content of inorganic TE
nanostructures to optimize the TE properties, whereas the
TE properties of polymer matrix are not optimized. 3) The
present techniques for preparation of inorganic nanostructure/
conductive polymer nanocomposites, such as physical mix-

ing,38,39 and solution mixing,40 in situ oxidative polymer-
ization19,41 still remain difficult in dispersing inorganic TE
nanostructures in polymer matrix. Poor wettability between
polymer and inorganic TE nanostructures and easy oxidation of
inorganic TE nanostructures during the processing have
prevented inorganic TE nanostructures from effective dis-
persion in a polymer matrix.38−40 In situ synthesis technique29

can avoid the oxidation of the nanostructures; however, this
technique is not universal.
Most recently, Song et al.42 prepared Bi2Te3/PEDOT:PSS

TE composite films by a physical mixing method with different
contents of the Bi2Te3 particle, and the highest power factor of
9.9 μWm−1 K−2 was reported for the composite film with 10 wt
% Bi2Te3. Despite the method used being simple, the power
factor is relatively low. One of the reasons for the low power
factor could be that the Bi2Te3 particles (325 mesh) used are in
micrometer sized, which cannot be homogeneously dispersed
in the PEDOT:PSS matrix. Interestingly, Ren et al.43 reported a
convenient hydrothermal intercalation/exfoliation method for

Figure 1. Illustration of the process for preparation of BST NS/PEDOT:PSS films. (a) typical FESEM image of the BST ingot after grinding, (b)
crystal structure of Bi2Te3 (• (yellow): Te, • (purple): Bi), (c) Li-intercalated units after hydrothermal process, (d) BST NSs after being exfoliated,
(e) BATA NSs dispersed in ethanol, (f) BST NS/PEDOT:PSS solution, (g) spin coated BST NS/PEDOT:PSS film on a glass substrate (marked by
a blackish green square), (h) drop cast BST NS/PEDOT:PSS film on a glass substrate, and (i) drop cast BST NS/PEDOT:PSS film after being
peeled off from the glass substrate.
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the manufacturing of 3−4 nm thick Bi2Te3 nanosheets (NSs).
The NSs are so thin that they can be effectively dispersed in
ethanol, and PEDOT:PSS is water-soluble; this means that the
NSs and PEDOT:PSS can be well dispersed with each other in
aqueous solution. PEDOT:PSS is the best conducting
polymer,44,45 and it has shown very promising TE properties
after optimization.31 In this work, we first prepared the Bi2Te3
based alloy, Bi0.5Sb1.5Te3 (BST, which is the best composition
for p-type Bi2Te3 based alloys), NSs by the method described
in ref 43, and then prepared BST NS/PEDOT:PSS composite
films by two methods: drop casting and spin coating, and
characterized the microstructure and TE properties of the films.

2. EXPERIMENTAL SECTION
2.1. Materials. P-type BST ingot (with composition of

Bi0.5Sb1.5Te3 determined by energy-dispersive spectrometry (EDS))
was obtained from Thermonamic Electronics (Jiangxi) Corp., Ltd. (σ:
850−1250 S/cm, S: 190−230 μV/K, at RT). Lithium hydroxide,
dimethyl sulfoxide (DMSO), acetone, and porous polyvinylidene
fluoride (PVDF) (0.45 μm nominal pore size) membranes were
purchased from Sinopharm Chemical Reagent Co., Ltd. PEDOT:PSS
(Clevios PH 1000) was purchased from H. C. Stark, Inc. All the
materials were used as received.
2.2. Exfoliation of BST. In a typical procedure for exfoliation of

BST,43 BST ingot was ground in an agate mortar for 90 min to get fine
powder. The powder was then placed into a 100 mL Teflon-lined
autoclave filled with an ethylene glycol solution of lithium hydroxide
(8 g/L). The autoclave was performed in an oven at 200 °C for 24 h to
intercalate lithium ions (Li+) into BST. The Li+ intercalated
suspension was collected by filtration and rinsed with acetone to
eliminate excess lithium hydroxide and ethylene glycol. Upon adding
the lithiated powder to deionized water, BST was readily exfoliated
into a colloidal suspension. BST NS membranes were obtained by
filtering the final BST with a porous PVDF membrane. After drying in
vacuum at 60 °C for 12 h, the samples were ready for characterization.
2.3. Preparation of BST NS/PEDOT:PSS Films. Glass substrates

(2 cm × 2 cm) were ultrasonicated in acetone for 15 min and oxidized
in Piranha solution [V(98% H2SO4): V(30% H2O2) = 7:3] for 1 h
before rinsing with distilled water. An appropriate amount of DMSO
was mixed with the PEDOT/PSS solution to form 10 wt % of DMSO/
PEDOT:PSS mixture. The mixture was sonicated for 1 h at RT and
then filtered through a 0.45 μm PVDF membrane to remove any
traces of undissolved aggregates. An appropriate amount of BST NSs
(dispersed in ethanol) was added to the above mixture and sonicated
for 1 h to produce solutions containing 2.09, 4.10, 7.87, or 9.65 wt %
BST NSs. BST NS/PEDOT:PSS composite films were prepared by
drop casting or spin coating (1000 rpm for 60 s followed by 2000 rpm
for 60 s) the mixed solutions on glass substrates (2 cm × 2 cm) and
then dried in vacuum at 60 °C for 1 h. This process is schematically
depicted in Figure 1. For comparison, the pure PEDOT:PSS film was
also prepared using the same procedure.
2.4. Characterizations. The morphology of the samples was

examined by field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM, Philips TECNAI-20), and
atomic force microscopy (AFM). AFM was performed with Digital
Instruments Nanoscope III operating in tapping mode. The FESEM
samples were coated with gold before observation. The thickness of
the BST/PEDOT:PSS composite films was determined by FESEM
and XP-plus stylus profilometer (AMBIOS XP-2000). The Hall effect
was measured using an HMS-3000 (Ecopia) system with a magnetic
field of 0.55 T at RT. In-plane electrical conductivity and Seebeck
coefficient of the composite films were measured at RT. The electrical
conductivity was measured using a steady-state four-probe technique
with a square wave current (∼10 mA in amplitude). The Seebeck
coefficient was obtained from the slope of the linear relationship
between thermal electromotive force and temperature difference (∼10
K) of two points on each film.

3. RESULTS AND DISCUSSION
Figures 2 (a)−(c) show the TEM images of the as-prepared
BST NSs. BST NSs looked very thin with smooth surface. The

edge length of the hexagonal NSs varied from ∼125 to 800 nm
(see Figures 2 (a)−(c)). Besides the BST NSs, a small amount
of BST nanorods and approximately spherical nanoparticles
were also observed, as indicated by arrows in Figure 2 (a).
Figure 2 (d) shows a hexagonal electron diffraction pattern of
the BST NS as shown in Figure 2 (c), indicating the single
crystalline nature of the BST NSs and that the growth direction
of the BST NSs is along the basal plane of the Bi2Te3 crystal
structure (see Figure 1 (b)), which is the direction with the best
TE properties of Bi2Te3.

46 This result is in good accordance
with the result reported in ref 43.
Figures 3 (a)−(d) present the FESEM images of the drop

cast BST NS/PEDOT:PSS composite films. The film surface
became rougher with the BST NS content increasing from 2.09
to 9.65 wt %. The inset in Figure 3 (a) shows the FESEM
image of the fracture surface perpendicular to the composite
film (2.09 wt % BST NSs). The film thickness measured based
on the inset image was 4.53 μm. These films showed excellent
flexibility (see Figure 1 (i)), which can be rolled up, bent, or
twisted and even folded easily without cracking, which is
superior to conventional fragile TE films.
Figures 3 (e) and (f) present the FESEM images of the 9.65

wt % BST NS/PEDOT:PSS composite films prepared by spin
coating. BST NSs were homogeneously dispersed in the
PEDOT:PSS matrix. The composite films are highly trans-
parent to visible light (see Figure 1 (g)).
Some bulges were observed on the film surface, which were

attributed to the aggregation of BST NSs within the film.
Compared with the drop cast films, the spin coated films had
rougher surface. This is mainly because the films are much
thinner (thickness 80−120 nm) than the drop cast ones
(thickness 2.5−5.5 μm), resulting from different film forming
methods. The rodlike and spherical BST particles within the
films have a stronger effect on their surface roughness than the
BST NSs.

Figure 2. (a), (b), and (c) TEM images of the P-type BST NSs and
(d) the selected area electron diffraction pattern corresponding to the
BST NS in (c).
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Figure 4 presents the topographic AFM images of the drop
cast BST NS/PEDOT:PSS composite films. The drop cast
films with a low BST NS content (e.g., 2.09 wt %) look very
smooth for the most part (see Figures 4 (a) and (b)), and in
this case, the BST NSs can be seen clearly in the PEDOT:PSS
matrix (see Figures 4 (d) and (e)). As the content of BST NSs
increased from 2.09 to 9.65 wt %, the surface roughness
increased. Based on AFM imaging, the root-mean-square
roughness (RMS) was estimated. For the drop cast composite
films, the RMS increased from 2.03 to 4.97 nm, as the BST NSs
content in the film increased from 2.09 to 9.65 wt %. In
comparison, the RMS for the spin coated film containing 9.65
wt % BST NSs was 7.10 nm. These results are in good
agreement with the corresponding three-dimensional images

(see Figures 4 (b), (e), (h), and (k)), height profiles (see
Figures 4 (c), (f), (i) and (l)), and FESEM observation (see
Figure 3).
The room-temperature electrical conductivity, Seebeck

coefficient, and calculated power factor of the composite films
are presented in Figure 5. As the content of BST NSs increased
from 0 to 9.65 wt %, the electrical conductivity of the spin
coated composite films decreased, while the drop cast
composite films increased first and then slightly decreased.
The electrical conductivity of the spin coated composite films

was much lower than that of the drop cast composite films.
This mainly should be because the former is in nanometer size
and its surface is rougher, which makes a difference.

Figure 3. FESEM images of the drop cast BST NS/PEDOT:PSS composite films containing (a) and (b) 2.09 wt %, (c) and (d) 9.65 wt % BST NSs,
and (e) and (f) spin coated 9.65 wt % BST NS/PEDOT:PSS composite films. The inset in (a) shows the fracture surface of the composite film
shown in (a).
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When the BST NS content was 4.10 wt %, the drop cast
composite film had the highest electrical conductivity (1295.2
S/cm) among all the samples (see Figures 5 (a) and (b)). This
value is higher than that of the DMSO doped PEDOT:PSS film
prepared under the same condition (753.8 S/cm) and the BST
bulk raw material (850−1250 S/cm at RT described by the
manufacturer). Such a high electrical conductivity was
attributed to the following two reasons: 1) BST NSs grow
along the basal plane of the crystal structure. The anisotropic
characteristics and dispersion in parallel to the in-plane
direction of the film considerably increased electrical
conductivity;47 2) BST has the same crystal structure as
Bi2Te3 (the Sb atom in BST locates at the Bi-site of Bi2Te3
crystal structure). Bi2Te3 is with a rhombohedral-hexagonal
symmetry (space group R3m (D5

3d)) and demonstrates a
layered structure with two types of tellurium atoms (Te(1) and
Te(2)).48,49 The layers are stacked along the c axis in the
following sequence (see Figure 1(b)):

··· − − − − ··· − − − − ···Te Bi Te Bi Te Te Bi Te Bi Te(1) (2) (1) (1) (2) (1)

The Bi and Te layers are held together by strong covalent
bonds, whereas the adjacent Te layers exhibit van der Waals
bonding.48 The combined interaction of attraction between the

van der Waals bond at the Te(1) site and the π-system of the
PEDOT:PSS chain made the nanocomposites with the ordered
molecular arrangement, leading to an increase in carrier
mobility and the electrical conductivity.49 This conductivity
value is also higher than that of the reported PEDOT:PSS/Te
composite film (∼19.3 S/cm),29 PEDOT:PSS (Clevios
PH1000)/Bi2Te3 composite (55−250 S/cm),50 and PE-
DOT:PSS/single walled carbon nanotube composite (280−
400 S/cm).51

The Seebeck coefficient of the BST NS/PEDOT:PSS
composite films is shown in Figures 5 (a) and (b). As the
content of BST NSs increased from 0 to 9.65 wt %, the Seebeck
coefficient increased for both BST NS/PEDOT:PSS composite
films. Compared with the drop cast ones, the spin coated
composite films showed an obviously higher Seebeck
coefficient. This can be attributed to two reasons: 1) the
higher surface roughness of the spin coated films lead to strong
carrier scattering; 2) the quantum-confinement effect of thin
film prepared by the spin coating method.52

For the spin coated composite film containing 9.65 wt %
BST NSs, the Seebeck coefficient was the highest (47.5 μV/K)
among all composite films studied (see Figures 5 (a) and (b)).
This value is also higher than those of the DMSO doped

Figure 4. Topographic AFM images of the drop cast BST NS/PEDOT:PSS composite films containing 2.09 wt % (a), (d), and 9.65 wt % (g) BST
NSs and (j) spin coated 9.65 wt % BST NS/PEDOT:PSS composite films. (b), (e), (h), and (k) are three-dimensional images corresponding to (a),
(d), (g), and (j), respectively. (c), (f), (i), and (l) are height profiles corresponding to (a), (d), (g), and (j), respectively.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5002772 | ACS Appl. Mater. Interfaces 2014, 6, 5735−57435739



PEDOT:PSS film (10.2 μV/K) prepared under the same
condition and reported PEDOT:PSS/single walled carbon
nanotube composite film (∼21 μV/K)51 but lower than that of
the Bi2Te3 bulk materials (190−230 μV/K described by the
manufacturer) and that of the PEDOT:PSS/Bi2Te3 (∼150 μV/
K) composite with 90% volume fraction of p-type Bi2Te3,

50

mainly because of too low content of BST NSs in our film.
Figure 5 (c) shows the power factor of the composite films.

With increasing the content of BST NSs, the power factor for
the spin coated films increased dramatically. This was mainly
because of the considerably increased Seebeck coefficient.
While the power factor of the drop cast composite films first
increased sharply with increasing the BST NS content from 0
to 4.10 wt %, then it almost remained unchanged with the NS
content, presumably because of the sharp increase and then

decrease in the electrical conductivity and gradual increase in
the Seebeck coefficient of the composite films. The highest
power factor value (32.26 μWm−1 K−2) was obtained on the
drop cast composite film containing 4.10 wt % BST NSs. This
value is much higher than that of the DMSO doped
PEDOT:PSS film (7.28 μWm−1 K−2) prepared under the
same condition.
Seebeck coefficient reflects intrinsic electron transport.

Generally, the inverse relationship to the gap between narrow
transport level (ET) and Fermi level (EF) results in a
proportional increase of the electrical conductivity with carrier
concentration. However, Seebeck coefficient for conventional
semiconductors or metals decreases logarithmically with the
carrier concentration.53 In this way, the electrical conductivity
and Seebeck coefficient of a material are seldom increased
simultaneously. Here, the increase of both electrical con-
ductivity and Seebeck coefficient with increasing the BST NS
content from 0 to 4.10 wt %, for the drop cast composite films
indicates the uniqueness of the organic−inorganic composite. It
also suggests that the conduction follows a mechanism different
to the band theory or the electron−phonon scattering which is
used to explain conventional materials.54

To the best of our knowledge, it is the first time such a
phenomenon is observed in the Bi−Te based alloy nano-
particle/polymer composites, although previous studies on
stretched polyaniline (PANI) films,34 β-naphthalene sulfonic
acid doped PANI nanotubes,35 organosoluble PANI doped
with HCl,36 and tetrafluorotetracyanoquinodimethane doped
poly(3-hexylthiophene) film37 have also reported the simulta-
neous increase in the electrical conductivity and Seebeck
coefficient, which was explained that the order of polymer
chains improved and hence increased the carrier mobility.
To explain the above interesting result, the Hall effect was

measured. As shown in Figure 6, with increasing the content of

BST NSs from 0 to 4.10 wt %, the carrier concentration
decreases, while the carrier mobility increases significantly.
However, the decreasing rate of the carrier concentration was
lower than the increasing rate of the carrier mobility. It is
known that the electrical conductivity (σ) is described as

σ μ= εne ( ) (1)

Figure 5. Electrical conductivity and Seebeck coefficient of the drop
cast films (a) and the spin coated films (b) as a function of the BST
NS content in the composite films, respectively. (c) Power factor
calculated for the drop cast and the spin coated films as a function of
the BST NS content in the composite films.

Figure 6. Carrier concentration and mobility as a function of the
content of BST NSs of the drop cast BST NS/PEDOT:PSS composite
films. The inset shows the illustration of the energy filtering effect in
the composite films.
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where n is carrier concentration, e is the charge, and μ(ε) is the
carrier mobility. It is easy to understand that the electrical
conductivity increases when the content of BST NSs increasing
from 0 to 4.10 wt %.
Seebeck coefficient is inversely proportional to the carrier

concentration. As the content of BST NSs increased from 0 to
4.10 wt %, the carrier concentration decreased while the carrier
mobility increased, mainly because the increase Bi2Te3 NS/
PEDOT:PSS interfaces in the composites and nanometer-sized
barriers exist on the interfaces, which may prevent low energy
carriers from transmission (this effect is called “energy
filtering”,55 see the inset in Figure 6). This results in an
increase of the Seebeck coefficient because the value of the
Seebeck coefficient is related to the thermal energy of the
carriers.55

As the content of BST NS increases further (>4.10%), the
electrical conductivity of the drop cast composite films slightly
decreases, while the Seebeck coefficient slightly increases,
mainly because of the shape and orientation of the BST NSs in
the composite films, as well as the increase of surface roughness
of the films, which leads to strong carrier scattering.
The thermal conductivities of the PEDOT:PSS and

PEDOT:PSS-inorganic TE nanocomposites reported in the
literature are presented in Table 1. Typically, PEDOT:PSS has

much lower thermal conductivity than BST materials (the κ of
single crystalline Bi2Te3 is ∼2.8 Wm−1 K−1 at RT56).
Surprisingly, the κ of PEDOT:PSS/Bi2Te3 reported in ref 42
was only 0.07 ± 0.02 W/m/K, which is much lower than that of
Bi2Te3. Herein, as the BST NSs are imbedded in the
PEDOT:PSS matrix, the thermal conductivity of the composite
films should not be higher than that of the pure PEDOT:PSS
due to the phonon scattering effect of the BST NSs. If the
thermal conductivity of 0.2 W/m·K was taken to calculate the
ZT value of the composite films, the ZT value was ∼0.05 at RT
for the drop cast 4.10 wt % BST NS/PEDOT:PSS composite

film, which is much higher than that of the spin coated 4.10 wt
% BST NS/PEDOT:PSS film (∼0.01 at RT). This suggests that
the manufacturing processing for the composite films has a
significant influence on TE properties, and a good alternative to
improve TE properties is to enhance both electrical
conductivity and the Seebeck coefficient by enhancing the
size-dependent energy-filtering effect and to increase the carrier
mobility.

4. CONCLUSIONS
BST NS/PEDOT:PSS nanocomposite films have been
prepared by spin coating and drop casting techniques. As the
content of BST NSs increases from 0 to 4.10 wt %, the
electrical conductivity and the Seebeck coefficient increase
simultaneously for the drop cast films. The drop cast composite
film with 4.1 wt % BST NSs has the highest electrical
conductivity (1295.21 S/cm) among all the composite films
studied. The conductivity value is even higher than the DMSO
doped PEDOT:PSS film prepared under the same condition
(753.8 S/cm) and the raw BST bulk materials (850−1250 S/
cm). The drop cast 4.1 wt % BST NSs composite film shows a
power factor value as high as ∼32.26 μWm−1 K−2. The
preparation technique and surface roughness for the films have
much effect on the thermoelectric properties. This method has
potential for use in other inorganic nanomaterial/polymer
composite systems.
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