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a b s t r a c t
ATT/TiO2/PANI (ATOP) nano-composites were synthesized by in situ polymerization under different doping-acids (HCl, sulfosalicylic acid (SSA), HCl + SSA dual acids, HClO4) in the presence of ATT/TiO2 nanoparticles. The effects of various doping-acids on the microstructure, morphology, thermal stability and
thermoelectric properties were also discussed. The results show that the ATOP nano-composites doped
with HCl + SSA dual acids present a better thermoelectric properties, combined with high electrical conductivity, Seebeck coefﬁcient, and low thermal conductivity. A higher value of ZT is kept in the range of
323–373 K for the HCl + SSA dual acids doped ATOP nano-composites. The results indicate that the
HCl + SSA dual acids doped ATOP nano-composites can be available for power generation with low temperature heat, e.g. exhaust gas, terrestrial heat, solar energy, etc.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
The thermoelectric effect refers to phenomena in which a temperature gradient creates an electric potential and vice versa, using
the electrical carriers, electrons and holes, in the solid state devices
as the working ﬂuids with no moving parts [1,2]. This offers many
distinguished characteristics such as that they are environmentally
friendly, quiet, compact, light and scalable [3–5]. Though all materials have a nonzero thermoelectric effect, in most materials it is
too small to be useful. A good thermoelectric material is the one
with a high Seebeck coefﬁcient, a high electrical conductivity,
and a low thermal conductivity [6]. As all the three properties
are interconnected, it has proved impossible to raise the value of
the ﬁgure-of-merit (ZT) to a higher level till recently [7]. Thus far,
the best thermoelectric materials are found in heavily doped semiconductors due to the fact that insulators have poor electrical conductivity and metals have low Seebeck coefﬁcient. While among
the most promising transition semiconductors, titanium dioxide
(TiO2) stands out because of its special chemical and physical properties as a thermoelectric material [8]. However, low value of ZT
and other unmatched mechanical properties limit its application.
Polyaniline (PANI) is one of the most important conducting
polymers because of its high environmental stability, low cost
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and reversible control of its conductivity [9]. Recently, polymer/
inorganic composites have received much attention due to their
independent electrical, optical, and mechanical properties [10–
12]. The combination of conducting polymers and semiconducting
inorganic materials with the properties of semiconducting inorganic particles has brought new prospects for applications [13].
Usually, the strong interaction between eigenstate PANI rigid
chains leads to low conductivity. However, H+ can be easily poured
into the PANI molecular chains, and thus increases the level of
charge delocalization and improves the conductivity. Up to now,
various protonic acids have been used as dopants during the process of synthesis. Commonly, these protonic acids were inorganic
acids (e.g. HCl, H2SO4, H3PO4, and HClO4) [14–16]. Recently, it
has been reported that PANI doped with organic acids, such as benzenesulfonic acid (BSA) [17], sulfosalicylic acid (SSA) [18], camphorsulfonic acid (CSA) [19] and p-styrenesulfonic acid (PSSA)
[20], are prone to improve their thermal stability.
In our previous work, TiO2 nano-particles have been encapsulated into shell of conducting PANI giving rise to a host of nanocomposites [21]. The problem encountered is aggregation of
nano-particles because of its higher surface energy [22]. Attapulgite (hereinafter referred to as ATT), a species of hydrated manesium
aluminum silicate non-metallic mineral [(H2O)4(Mg,Al,Fe)5(OH)2Si8O204H2O] with commonly a ﬁbrous morphology, is characterized by a porous crystalline structure containing tetrahedral
layers alloyed together along longitudinal sideline chains [23].
Presently ATT has been widely used as adsorbents, adhesives,
and catalyst supports, owing to its unique structure and considerable textual properties [24,25].
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In this work, ATT/TiO2 (ATO) nano-particles were ﬁrst prepared
by heterogeneous nucleation method; then, ATT/TiO2/PANI (ATOP)
was synthesized by in situ polymerization in the presence of ATO
nano-particles under various acids (HCl, SSA, HCl + SSA dual acid,
HClO4). The ATT was used as support to reduce the aggregation
and improve the dispersibility of nano-particles, and reduce the
thermal conductivity simultaneously. We systematically investigated the effects of various acid-doping on the morphology, crystallographic, thermal stability and thermoelectric properties of
ATOP nano-composites.

2. Experimental
2.1. Synthesis of ATT/TiO2/PANI nano-composites
Fig. 1 shows the ﬂow chart of preparation on the ATOP nanocomposites. The ATT/TiO2 (ATO) nano-particles were synthesized
ﬁrstly. 10 ml Tetrabutyl titanate (Ti(OBu)4) was dissolved into
100 ml absolute alcohol (C2H5OH) solution with a smidgeon of triethanolamine (about 0.2 ml) by vigorous mechanical stirring
(namely solution A). 1.3 ml HNO3 in 2 ml distilled water was added
to 10 ml absolute alcohol (namely solution B). Then solution B was
added dropwise to solution A with vigorous stirring for 1 h at room
temperature. After mixing uniformly, transparent, stable and ﬂaxen TiO2 sol was added dropwise to the pure ATT suspension with
sonic stirring for 1 h. After aging for 4 h in the air, the mixture
was washed with distilled water. The resulting solid was dried at
353 K for 24 h and subsequently calcined at 723 K for 3 h; then
the solid was ground into ATO nano-particles. The second step
was to fabricate ATT/TiO2/PANI (ATOP) nano-composites, which
were synthesized by the oxidation of precursor with ammonium
peroxydi-sulfate (APS) as oxidant. ATO (0.64 g) was dispersed into
40 ml 1.0 M acid solution (HCl, SSA, HCl + SSA dual acid, HClO4) by
sonication respectively. Then 1.86 g aniline and little surfactant

hexadecyl trimethyl ammonium bromide (CTAB) were added into
ATO acid solution under protection of nitrogen atmosphere. The
molar ration of aniline/surfactant was taken as 10. After 30 min,
APS (3.65 g) in 20 ml 1.0 M acid solution was added dropwise to
this mixture. Polymerization was carried out at 273 K under nitrogen atmosphere with controlled stirring for 5 h. Dark green ATOP
nano-composites was ﬁltered and washed with distilled water before it is dried at 353 K under vacuum for 24 h.
2.2. Characterization
The surface morphology of the ATOP nano-composites was
examined by a Hitachi S-3000 N scanning electron microscope
(SEM). X-ray powder diffraction were performed on a D8 Advance
diffractometer (XRD) using Cu–Ka radiation (k = 0.15405 nm). FTIR
spectra were recorded using a Nicolet 5700 Fourier Transform
Infrared Spectrometer in a dry-nitrogen atmosphere. Thermogravimetric analysis was performed with NETZSCH STA409PC
thermal analyzer at a heating rate of 15 K/min from 298 K to
473 K under a nitrogen atmosphere. The thermal conductivity of
the composites was measured using EKO HC-110 thermal
conductivity test meter, which is based on a steady-state heat ﬂux
technique. The powder samples were in the form of compressed
pellet (U22 mm  2 mm) for the thermoelectric related measurements. Electrical conductivity was measured by ST2253 four-probe
tester. The Seebeck coefﬁcient was tested on BHTE-08 Seebeck
Measurement System.
3. Results and discussions
Fig. 2a–d shows the SEM micrographs of HCl, SSA, HCl + SSA and
HClO4 doped ATOP nano-composites, respectively. Hereinafter
these samples were denoted as ATOP-1, ATOP-2, ATOP-3, and
ATOP-4. One can see that all the samples are of rod-like structure
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H2O
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Fig. 1. Flow chart of preparation on the ATOP nano-composites.
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Fig. 2. SEM image of ATOP nano-composites. (a) ATOP-1 nano-composites; (b) ATOP-2 nano-composites; (c) ATOP-3 nano-composites; and (d) ATOP-4 nano-composites.

with a length of 650 nm and diameter of 100 nm, which agrees
with the fact that ATT is a type of natural ﬁbrillar silicate clay mineral. Compared with the pure ATT, the surface of samples is not
smooth; and the dimensions of samples are increased. This may
attribute to the extra TiO2 and PANI coatings, conﬁrming a good
cladding structure.
Fig. 3 displays the XRD pattern of various acid-doped ATOP
samples. Pure TiO2, ATT and PANI are also listed for the comparison. It can be seen that the diffraction patterns of all ATOP samples
match well with the typical patterns of ATT, PANI and TiO2. The
peaks at 8.56° can be observed in the doped samples, which is
ascribed to {110} crystal face of ATT. The distinct peaks of 2h at
25.4°, 38°, 48.3°, 54.1°, 55.2°, 53.9°, 62.8°and 70.5° are in agreement with the standard anatase TiO2 XRD spectrum. Also the distinct peaks of 2h at 15.1°, 20.8°and 25.4° agree with the standard
PANI XRD spectrum, indicating the formation of PANI. Two peaks
at 20.8° and 25.4° belong to periodicity parallel and perpendicular
to polymer chain respectively. It is reported that there was a positive correlation between the conductivity and intensity of diffraction peaks at 25.4° [26]. However, only according to the counts
of diffraction peaks at 25.4°, we cannot deduce the order of electric
conductivity among various acid-doped ATOP samples because the
diffraction peaks at 25.4° belongs to two different materials.
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The FTIR spectra of the ATOP samples are shown in Fig. 4. The
absorption band observed at 2912 cm1–2851 cm1 in the doped
sample, can be ascribed to the surfactant DBSA; the absorption
bands at 1676 cm1 and 1019 cm1 are assigned to the O@S@O
stretching of organic acid. It should be noted that most PANI peaks
of acid-doped ATOP samples are shifted to the lower wave number
compared with that of the eigenstate PANI. Table 1 lists all the
absorption bands in the spectra. The offset of vibration peaks can
be calculated, comparing with the eigenstate PANI. The maximum
offset occurs in N@Q@N bond, shifted by 22 cm1 (ATOP-1), 6 cm1
(ATOP-2), 26 cm1 (ATOP-3), and 18 cm1 (ATOP-4), respectively.
This red shift phenomenon may result from conjugative effect after
doped with acids. Some documents indicate that the dopants are
mainly bonded with the nitrogen atoms in quinine-type. It is
believed that acid-doping leads to a delocalization effect which
decreases the force constant between atoms, and thus decreases
the electron density on PANI chains in various levels. Similar
results can be found in the published elsewhere [27].
The thermal analysis results of pure TiO2, ATT, PANI and various
acid-doped ATOP samples are illustrated in Fig. 5. It can be seen
that the residual weight of acid-doped ATOP samples is much higher than those of pure TiO2, ATT, and PANI. This means the thermal
stability of ATOP samples can be improved after composite
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Fig. 3. X-ray diffraction patterns of pure ATT, PANI, TiO2, and ATOP nanocomposites.
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Fig. 4. FT-IR spectra of pure ATT, PANI, TiO2, and ATOP nano-composites.
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Table 1
Characteristic frequencies of eigenstate PANI and various acids doped ATOP nano-composites.
Wavenumber (cm1)

Band characteristics

PANI

ATOP-1

ATOP-2

ATOP-3

ATOP-4

3435
1586
1495
1230, 1302
1121
827
638

3430
1564
1480
1229, 1300
1106
798
616

3440
1580
1480
1228, 1300
1115
798
595

3436
1560
1480
1229, 1296
1103
798
595

3434
1568
1480
1230, 1300
1109
798
624

Weight (%)

100
95
90
85
80
300

ATOP-1
ATOP-2
ATOP-3
ATOP-4
320

ATT
PANI
TiO2
340

360

380

400

Temperature (K)
Fig. 5. The TG analysis of pure ATT, PANI, TiO2, and ATOP nano-composites.

treatment. However, the weight loss of ATOP-1 sample is the largest, when the temperature is higher than 350 K, compared with
that of other three acid-doped samples. Usually the weight loss
of the samples at low temperature attribute to the removal of free
water, absolute alcohol, acid and other small molecules. In fact, the
weight loss of ATOP-2 sample is the minimum and that of the
ATOP-3 is less. This result is in line with our expectation because
hydrochloric acid is volatile; whereas organic acids and perchloric
acid are less volatile. To sum up, the thermal stability of the ATOP
samples doped with SSA is enhanced.
The temperature dependence of electrical conductivity (r) of
pure TiO2, PANI and various acids doped ATOP samples is shown
in Fig. 6. It is of interest that the ATOP nano-composites possess
a higher electrical conductivity, compared with the pure TiO2 and
PANI. This probably originates from the compound of TiO2 and
PANI. On the one hand, TiO2 can cause the regular arrangement
of PANI chains; on the other hand, the cladding structure is conducive to electronic transfer along chain and jump between chains.
Although the ATT belongs to insulator, the addition of it has no
negative effect on electrical conductivity. In contrast, the electrical
conductivity of ATOP samples has been improved. Moreover, it
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should be noted that the electrical conductivity of all the samples
can reach several S/cm and exhibit a typical non-metallic temperature dependence (dr/dT > 0) [28]. This may be ascribed to the increase of the carrier concentration after the temperature elevated;
and thus increase the electrical conductivity [29,30]. In our present
work, the electrical conductivity of ATOP-3 sample is the best; it
reaches the maximum (6.67 S/cm), 2 times more than that of PANI
(2.58 S/cm) at 373 K.
Fig. 7 shows the temperature dependence of the Seebeck
coefﬁcient (a) for pure TiO2, PANI and various acids doped ATOP
samples. The Seebeck coefﬁcient shows an opposite trend to that
of electrical conductivity. The pure TiO2 and PANI are proved to
be n-type inorganic semiconductor and p-type organic semiconductor, respectively. The ATOP nano-composites are classiﬁed as
p-type. It is encouraging to ﬁnd out that the Seebeck coefﬁcient
of acid-doped ATOP samples is about 2–4 times higher than that
of pure TiO2 and PANI. The results are similar to the studies on
PANI with different acid-doped by Liu et al. [31]. In addition, the
Seebeck coefﬁcient decreases with the temperature increasing
attribute to the increase of carrier concentration [30,32]. The
Seebeck coefﬁcient of ATOP-3 sample is better than others in
the range of 323–373 K; it keeps a higher value (57 lV/K) at
363 K.
The thermoelectric ﬁgure-of-merit (ZT) is a common measure of
a material’s energy conversion efﬁciency:

ZT ¼ ða2 r=jÞT

ð1Þ

Where a, r, j, and T are Seebeck coefﬁcient, electrical conductivity,
thermal conductivity and absolute temperature respectively.
The thermal conductivity of ATT is about 0.06 Wm1K1 and
that of PANI is around 0.3 Wm1K1 at room temperature
[33,34]. Mun et al. have reported the thermal conductivity of
TiO2 is 0.5 Wm1K1 [35]. The average thermal conductivity of
ATOP nano-composites is about 0.148 Wm1K1. We also note that
the thermal conductivity do not change signiﬁcantly with the temperature increased. For example, the thermal conductivity of
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Fig. 6. The temperature dependence of electrical conductivity of pure TiO2, PANI,
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ATOP-3 is about 0.155 Wm1K1 at 323 K, and is about 0.144
Wm1K1 at 373 K. This means that the addition of ATT can reduce
the thermal conductivity efﬁciently and maintain a good stability
over a wide temperature range.
The ZT of ATOP nano-composites can be calculated according to
the Eq. (1). Fig. 8 shows the ZT of ATOP-3 nano-composites as a
function of temperature. Though ZT decrease slightly with the increase of temperature, dropped from 5.88  103 at 303 K to
3.82  103 at 373 K, ZT still maintain a relative higher value
according to our evaluation. The ZT of ATOP-3 nano-composites
is several hundred times larger than that of pure TiO2 and PANI,
which is 0.48  104 and 0.26  104 at 373 K, respectively. Li et
al. have reported the maximum of ZT in doped PANI is 1.2  104
at 373 K [28]. Though the data is slight higher than our experimental, their magnitude is equivalent. Compared with the existing literature on TiO2, PANI or their composites, the ZT of ATOP-3 nanocomposites is the largest. We believe that HCl + SSA dual acids
doped ATT/TiO2/PANI nano-composites can be promising for thermoelectric applications, especially in power generation with low
temperature heat, e.g. exhaust gas, terrestrial heat, solar energy,
etc. Therefore, even if a little part of waster can be converted into
electricity, its impact on the energy situation would be enormous.
4. Conclusion
Acid-doped ATOP nano-composites are of rod-like structure
with a length of 650 nm and diameter of 100 nm. Acid-doped
ATOP nano-composites possess a higher Seebeck coefﬁcient, electrical conductivity, and a lower thermal conductivity compared
with pure TiO2, PANI or their composites. The electrical conductivity of ATOP-3 nano-composites can reach 6.67 S/cm at 373 K and
exhibit a typical non-metallic temperature dependence. The Seebeck coefﬁcient of ATOP-3 sample is 57 lV/K at 363 K, about 2–4
times higher than that of pure TiO2 and PANI. The addition of
ATT can reduce the thermal conductivity of ATOP nano-composites, and maintain a good stability over a wide temperature range.
The thermal conductivity of ATOP nano-composites is about
0.148 Wm1K1. Compared with other samples, the ZT of HCl + SSA
dual acids doped nano-composites is the largest and is several hundred times larger than that of pure TiO2 and PANI. Moreover, it can
maintain a relatively larger value, 3.82  103 at 373 K. It is
strongly believed that HCl + SSA dual acids doped ATOP nano-composites could be promising for power generation with low temperature heat.
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