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Abstract

The p-type (Big,Sbgg),Tes and the n-type Biy(TegoSeo 1)s thermoelectric nanocomposites were processed with dispersion of multi-walled
carbon nanotubes and Al,O3 nanopowders. The lattice thermal conductivity «,y, of the p-type (Bi,Sb),Tes; was effectively reduced from 0.64 W/
m K to 0.45-0.54 W/m K by dispersion of carbon nanotubes. The room-temperature figure-of-merit of the p-type (Bi,Sb),Te; was improved from
3.37 x 107%/K to 3.52 x 10™%K with dispersion of 0.05 vol.% carbon nanotubes. The figure-of-merit of the n-type Bi,(Te,Se)s at 75 °C was
substantially improved from 2.9 x 107%K to 3.5 x 10™%K with dispersion of 0.5 vol.% Al,O; nanopowders.
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1. Introduction

With serious concerns regarding the exhaustion of fossil fuel
resources and environmental pollution, there has been renewed
interest in thermoelectric power generation, which can recycle
the waste heat as an energy saving technology [1,2]. The energy
conversion efficiency of thermoelectric devices depends partly
on the figure-of-merit (Z) or the dimensionless figure-of-merit
(ZT) of thermoelectric materials which is related to material
parameters such as Seebeck coefficient «, electrical conduc-
tivity o, and thermal conductivity « (Z=a’0/k). The
dimensionless figure-of-merits (ZT) of bulk thermoelectric
materials have been stagnant at about 1 for the last several
decades, limiting the widespread thermoelectric applications
[1-3].

In the last decade, much attention was focused on low-
dimensional thermoelectric structures of which figure-of-
merits were predicted to improve significantly compared with
those of bulk thermoelectric materials due to quantum-
confinement effects [1,4-6]. Significant enhancements in ZT
values have been experimentally achieved in the superlattice
devices of Bi,Tes/Sb,Te;, PbTe/PbSeTe, and Si/Ge [4-6].
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However, such low-dimensional thermoelectric devices would
have limited applications for large-scale energy-conversion,
because they are too thin to support appreciable temperature
differentials [1,2]. Because of the disadvantages of low-
dimensional thermoelectric structures for large-scale applica-
tions, researches have been extensively focused on nanocom-
posites to realize nanoscale thermoelectric enhancement in
bulk thermoelectric materials [1,3,7-9]. Dispersion of nano-
particles into thermoelectric materials has been suggested to
improve the figure-of-merit by decreasing the lattice thermal
conductivity without adversely affecting the electrical resis-
tivity [8-10].

As p-type (Bi,Sb),Te; and n-type Biy(Te,Se); possess
superior thermoelectric characteristics around room tempera-
ture, they have been extensively utilized for low-temperature
thermoelectric generation as well as Peltier cooling.

In this study, p-type (Bi,Sb),Te; and n-type Bi,(Te,Se)s
nanocomposites were processed by hot pressing with dispersion
of nanopowders and their thermoelectric characteristics were
evaluated.

2. Experimental

To fabricate p-type (Bi,Sb),Te; nanocomposites, appropriate
amounts of Bi, Sb, and Te granules (>99.99%) were weighed for
the (Bip»Sbg g),Te; composition and charged with multi-walled
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carbon nanotubes (CNTs) up to 0.25 vol.% in a hardened tool
steel vial under Ar atmosphere. Steel balls were also charged as
milling media and a ball-to-material weight ratio was held at
10:1. Mechanical alloying was conducted by shaking the vial at
1200 rpm for 5 h using a Spex mixer/mill (SPEX SamplePre-
8000M, USA). After the vibro-milling process, X-ray diffraction
analysis (RIGAKU ULTIMA 1V, Japan) was performed to
confirm the complete formation of the (Bi,Sb),Te; powders. The
mechanically alloyed powers were cold pressed at 10 MPa to
form 5 mm x 5 mm X 10 mm compacts and hot pressing was
conducted in vacuum at 550 °C for 30 min.

To fabricate n-type Bi,(Te,Se); nanocomposites, high purity
(>99.99%) Bi, Te, and Se granules, weighed for the
(Bip.9Sby. 1), Te; composition, were charged into a quartz tube
and vacuum-sealed. The Bi,(Te,Se); alloy was melted at
700 °C for 2h using a rocking furnace to ensure the
composition homogeneity. The ingot was crushed to form
Biy(Te,Se); powders of 38-90 wm size. Bi,(Te,Se); powders
were charged with 0.5 vol.% Al,O5; powders (40 nm diameter)
in a hardened tool steel vial under Ar atmosphere. Mechanical
milling was conducted at a ball-to-material weight ratio of 10:1
for 3 h. The mechanically milled powers were cold pressed at
10 MPa to form 5 mm x 5 mm X 10 mm compacts and then
hot pressed in vacuum at 550 °C for 30 min.

Seebeck coefficient («) of the hot-pressed specimens was
measured (SEEPEL TEO1000, Korea) by applying a tempera-
ture difference of 10 °C at both ends of a specimen. Electrical
resistivity (p) and thermal conductivity (k) were measured by 4-
point probe (SEEPEL TEP1000, Korea) and laser flash
(NETZSCH LFA-457, Germany) methods, respectively. Fig-
ure-of-merit was evaluated using the relation of Z = oz2/(p/<).
Microstructures of the p-type (Bi,Sb),Te; and n-type
Bi,(Te,Se); nanocomposites were observed using scanning
electron microscopy (HITACHI S-4300, Japan).

3. Results and discussion

Fig. 1 shows SEM micrographs of the p-type (Bi,Sb),Tes
nanocomposites with CNT dispersion and Fig. 2 illustrates the

Fig. 1. SEM micrographs of the p-type (Bi,Sb),Te; dispersed with CNTs of (a)
0 vol%, (b) 0.05 vol%, (c) 0.15 vol%, and (d) 0.25 vol%.

Fig. 2. SEM micrograph illustrating CNTs dispersed in the (Bi,Sb),Te; nano-
composite.

CNTs dispersed in the (Bi,Sb),Te; matrix. As shown in Fig. 1,
the grain size of the hot-pressed (Bi,Sb),Te; decreased with
CNT dispersion, which could be due to the inhibition of grain
growth by dispersed CNTs. Maximum grain size Dy, of the
alloys with dispersion of second phase particles is limited to 4/
3f, where r and f are the average radius and the volume fraction
of second phase particles, respectively [11]. As shown in
Fig. 1(b)—(d), differences in the grain size of the (Bi,Sb),Te;
nanocomposites were not noticeable even with increasing the
CNT content from 0.05 vol.% to 0.25 vol.%, implying that
dispersion of CNTs was not uniform. Fig. 3 illustrates the
relative density of the (Bi,Sb),Te; nanocomposites as a
function of the CNT content. The relative density decreased
slightly from 95.8% to 92.8% with dispersion of CNTs up to
0.25 vol.%.

Fig. 4 represents the Seebeck -coefficient, electrical
resistivity, thermal conductivity, and figure-of merit of the p-
type (Bi,Sb),Te; nanocomposites, measured at 25 °C, as a
function of the CNT content. The Seebeck coefficient and the
electrical resistivity increased with dispersion of CNTs, which
could be partly caused by reduction of the carrier mobility due
to smaller grain size of the CNT-dispersed (Bi,Sb),Te;
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Fig. 3. Relative density of the p-type (Bi,Sb),Te; nanocomposites as a function
of the CNT content.



Fig. 4. (a) Seebeck coefficient, (b) electrical resistivity, (c) thermal conductivity, and (d) figure-of-merit,
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Fig. 5. Temperature dependences of (a) Seebeck coefficient, (b) electrical resistivity, (c) thermal conductivity, and (d) figure-of-merit of the p-type (Bi,Sb),Te; hot-

pressed without CNT dispersion.
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Fig. 6. Temperature dependences of (a) Seebeck coefficient, (b) electrical resistivity, (c) thermal conductivity, and (d) figure-of-merit of the Bi,(Te,Se); and the

0.5 vol.% Al,O3-dispersed Bi,(Te,Se)s.

nanocomposites. The Seebeck coefficient and the electrical
resistivity decreased with increasing the CNT content from
0.05 vol.% to 0.25 vol.%, which could be attributed to the
conducting nature of multi-walled carbon nanotubes. From the
same variation behavior of the Seebeck coefficient as that of the
electrical resistivity, it could be confirmed that the (Bi,Sb),Te;
nanocomposites exhibited the extrinsic conduction at room
temperature. As shown in Fig. 3(c), the total thermal
conductivity decreased from 1.25 W/m K to 0.77-0.87 W/
Km by CNT dispersion. For thermoelectric materials in
extrinsic conduction region, the total thermal conductivity (k)
can be expressed as ko = kel + kpn Where k is the electrical
contribution to the thermal conductivity and «py, is the lattice
thermal conductivity [12]. k. is also expressed as k. = LoT
where L is the Lorenz number and o is the electrical
conductivity [12]. The lattice thermal conductivity «p, of the
(B1,Sb),Te; nanocomposites was obtained by calculating «
and subtracting k. from «. The lattice thermal conductivity
Kpn Was effectively reduced from 0.64 W/K m to 0.45-0.54 W/
K m by phonon scattering enhancement due to dispersion of
CNTs. As shown in Fig. 3(d), the figure-of-merit of the p-type
(Bi,Sb),Te; was improved from 3.37 x 10™*/K t03.52 x 10~/
K with dispersion of 0.05 vol.% CNT.

Fig. 5 shows temperature dependences of the Seebeck
coefficient, electrical resistivity, thermal conductivity, and
figure-of merit of the (Bi,Sb),Te; hot-pressed without CNT
dispersion. The electrical resistivity increased with increasing
the measuring temperature up to 165 °C, indicating that the hot-
pressed (Bi,Sb),Te; had the extrinsic conduction at this
temperature range. The hot-pressed (Bi,Sb),Te; exhibited
1.25-1.45 W/K m and 0.64-0.97 W/K m as the total thermal
conductivity and the lattice thermal conductivity, respectively.
As reported for the CNT-dispersed n-type Biy(Te,Se);
nanocomposites [13], temperature dependences of the thermo-
electric properties of the p-type (Bi,Sb),Te; would also be little
changed with CNT dispersion. As shown in Fig. 5(d), the
figure-of-merit exhibited a maximum at 25 °C and decreased
with increasing the measuring temperature mainly due to the
electrical  resistivity increment, implying that the
(Big»Sbg g),Tes composition is more appropriate for Peltier
cooling applications than for power generation applications.

Fig. 6 represents temperature dependences of the Seebeck
coefficient, electrical resistivity, thermal conductivity, and
figure-of merit of the n-type Biy(TepoSey ); nanocomposite
dispersed with 0.5 vol.% Al,Os. The Seebeck coefficient was
improved with the increase in the electrical resistivity by
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dispersion of Al,O3;. Compared to the p-type (Bi,Sb),Tes
nanocomposites dispersed with CNTs, the resistivity increase
could be kept minimal by dispersing 0.5 vol.% Al,O5. As shown
in Fig. 6(d), the figure-of-merit at 75 °C was substantially
improved from 2.9 x 10™*/K to 3.5 x 10~*/k with dispersion of
0.5 vol.% Al,03. The relative density of the hot-pressed
Biy(Teg 0Sep.1); was not affected by 0.5 vol.% Al,O3 dispersion.
The Biy(TegoSeq 1)s hot-pressed without and with 0.5 vol.%
Al,O5 dispersion exhibited the relative densities of 95% and
94.7%, respectively. It has been expected that the figure-of-
merits of SiGe- and Bi, Te3-based alloys can be improved for 10—
40% and 15-20%, respectively, with fine dispersion of ceramic
powders as phonon scattering centers [8—10]. With the results
obtained for the p-type (Bi,Sb),Te; and the n-type Biy(Te,Se);
nanocomposites, it can be suggested that nanodispersion of
proper amount is an effective way to improve the figure-of-merit
of bulk thermoelectric materials.

4. Conclusion

The p-type (Bi,Sb),Te; nanocomposites dispersed with CNTs
were formed by utilizing mechanical alloying and hot pressing.
The Seebeck coefficient and the electrical resistivity of the
(Bi,Sb),Tes increased with dispersion of CNTs partly due to
smaller grain size of the CNT-dispersed (Bi,Sb),Te; nanocom-
posites. The lattice thermal conductivity «py, of the (Bi,Sb),Tes
was effectively reduced from 0.64 W/m K to 0.45-0.54 W/m K
by CNT dispersion. The figure-of-merit of the p-type (Bi,Sb),Tes
was improved from 3.37 x 107%K to 3.52 x 10~%/K with
dispersion of 1 vol.% CNT. The figure-of-merit of the n-type
Biy(Te,Se); at 75°C was substantially improved from
2.9 x 107K to 3.5 x 10~*k with dispersion of 0.5 vol.%
Al,O3. With the results obtained for the p-type (Bi,Sb),Te; and
the n-type Biy(Te,Se); nanocomposites, it can be suggested that
nanodispersion of proper amount is an effective way to improve
the figure-of-merit of bulk thermoelectric materials.
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