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Bismuth telluride zone-melting alloys are the most commercially used ther-
moelectric materials. However, the zone-melting ingots have weak machin-
ability due to the strong preferred orientation. Here, non-textured graphite/
Bip 5Sb; 5Tes (G/BST) composites were prepared by a powder metallurgy
method combined with cold-pressing and annealing treatments. The compo-
sition, microstructure, and thermoelectric properties of the G/BST composites
with different mass percentages of G were investigated. It was found that G
addition could effectively reduce the thermal conductivity and slightly im-
prove the electrical properties of the BST, which resulted in a large
enhancement in the figure-of-merit, ZT. The largest ZT for the xG/BST com-
posites with x = 0.05% reached 1.05 at 320 K, which is increased by 35% as
compared with that of the G-free BST materials. This work provided an
effective method for preparing non-textured BisTes-based TE materials with a
simple process, low cost, and large potential in scale production.
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INTRODUCTION

Thermoelectric (TE) materials, which can realize
direct energy conversion between electricity and
heat, have attracted great attention in the applica-
tions of power generation and solid-state cooling.'™
The conversion efficiency of a TE material depends
on the dimensionless figure-of-merit, ZT = o¢T/ «,
where o is the electrical conductivity, o is the
Seebeck coefficient, T" is the absolute temperature,
and x is the thermal conductivity (x = kg + g,
where kg is the electronic contribution and ki, is
the lattice contribution). A high-ZT TE material
should be a perfect combination of a large power
factor (o«%¢) and a low k. Two kinds of approaches
have been proposed for developing high-perfor-
mance TE materials. One is to exploit new material
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families that possess superior properties, such as
cage-like filled skutterudites and several layered
compounds,*® while another is to optimize the
transport properties of the traditional TE materials,
such as PbTe and BisTes alloys, by means of band
engineering’! or nanostructure engineering.'*~*°
Up to now, traditional Bi;Tes-based alloys still
rank as the most successful commercialized TE
materials that are widely used in the working
temperature range of 300-500 K.! Commercialized
zone-melting BisTes-based ingots wusually have
ZT ~ 1.0 for p-type and ~ 0.8 for n-type materials.
However, the zone-melting ingots present strong
anisotropic properties and weak machinability
because of their van der Waals layered structure,
which restricts wider applications.'®!? It is thus
necessary to fabricate BisTes-based materials with
less preferred orientations in microstructure and
enhanced isotropic TE performance. In recent
decades, nanostructuring engineering has provided
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a powerful tool for preparing less-textured BisTes-
based materials with nanosized grains and
improved TE performance.'*1%'” However, the
preparation of this kind of material still requires
more low-cost and mass-productive methods.

In this work, a traditional powder metallurgy
method was used to pulverize the commercialized
zone-melting p-type Big5Sb; sTes (BST) ingots, and
then the pulverized powders were quickly cold-
pressed and annealed to obtain BST pellets. Since
the commonly used hot-pressing treatment was
avoided, the annealed cold-pressed pellets showed
no signature of preferred orientation, and, more-
over, this preparation method was much simpler
and less costly. In order to further optimize the TE
properties of the cold-pressed pellets, graphite (G)
micro-particles were added as the secondary phase.
In fact, carbon materials, especially carbon nan-
otubes and graphene-related materials,’®*2® have
been used as important additions to enhance the
performance of TE materials. Here, the use of G
particles also has the advantages of low cost and
easy control. The effects of G particles on the phase
composition, microstructure, and TE properties of
xG/BST (x = 0%, 0.05%, 0.10%, 0.15%, and 0.20%)
composite TE materials were investigated. It was
revealed that optimizing the content of G particles
could effectively reduce the x of the p-type BST
material without a significant influence on the
power factor, which resulted in enhancements in
ZT. The largest ZT value reached 1.05 at 320 K for
the composite with x = 0.05%, which is increased by
35% as compared with that of G-free BST materials.

EXPERIMENTAL

The preparation procedure of xG/BST composite
TE materials was implemented as follows. Firstly,
the starting materials were commercialized zone-
melting BST ingots. After being crushed, the ingots
were pulverized with a planetary ball mill appara-
tus at a speed of 200 rpm for 4 h under the
protection of argon. The yielded powder had the
particle size of 1-5 um. Secondly, G particles, BST
powder, and alcohol solvent was loaded into a
beaker, then ultrasonically dispersed for 10 min at
room temperature to form G/BST powders. The
added contents of G particles for each xG/BST
(x = 0-0.20% in weight) composites were calculated
according to the mass of the ball-milled BST powder
(1.5 g). The size of the G particles is less than 5 um
and the average size is about 1 ym. Thirdly, after
drying, the as-prepared composite powders were
cold-pressed under a pressure of 20 MPa. The cold-
pressed cylinders were 15 mm in diameter and
about 1.5 mm in height. Finally, the cylinders were
annealed in a horizontal tube furnace at 673 K for
2 h in a flowing hydrogen atmosphere.

The constituent phases of all the composites were
determined by x-ray diffraction (XRD; PANalytical
X’Pert Pro) using Cu K« radiation (1 = 0.15418 nm).

The microstructures of the G and the samples were
analyzed by the scanning electron microscopy (Zeiss
ULTRA-PLUS-43-13). The chemical compositions
and microstructures of all the composites were
analyzed by electron probe microanalysis (JXA-
8230). The Hall coefficient (Ry) was measured at
room temperature by the van der Pauw method
using a thermoelectric and magnetic performance
testing system (NYMS-1). Meanwhile, o and ¢ were
measured using the standard four-probe method by
NYMS-1. All the electrical properties (Ry, « and o)
were tested perpendicular to the cold-press direc-
tion. The carrier concentration (n) and mobility (u)
were calculated using the formula n = 1/(Rge) and
u = Ry/p, and k was calculated by using the equa-
tion x = ApC,, where C, is the specific heat capacity,
p is the density of materials, and / is the thermal
diffusivity coefficient. 1 was measured by the laser-
flash technique (Netzsch LFA-427) in a flowing
argon atmosphere. C, was measured using a Q20
differential scanning calorimeter. Thermal proper-
ties (1) were measured along the cold-press direc-
tion. p was obtained by the Archimedes method. xp,
was obtained by subtracting xg from x using the
equation «, = k — kg. Here, kg was calculated by
the Wiedemann—Franz law kg = ¢LT, where L is the
Lorenz number, L = 2.0 x 1078 V2 K2 4, «, and «
were measured in the temperature range from
300 K to 480 K. Uncertainties for ¢ and o were
+ 5-7% and for x was + 10%.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the surfaces
of the xG/BST bulk samples. All the diffraction
peaks can be indexed to the standard pattern of BST
(JCPDS 49-1713). The characteristic diffraction
peaks assigned to G were not detected in the
composites as the content of G varied from 0.05%
t0 0.20%. This was understandable since the content
of G was much lower than the XRD detection
(around 1%). Compared to the standard XRD pat-
tern, the measured patterns did not show obvious
preferential orientations. Since the commonly used
hot-pressed treatment was avoided, the realign-
ment of BST grains at high temperature should be
largely suppressed, which resulted in a non-tex-
tured microstructure.

Figure 2 shows the backscattered electron image
(BEI) and the secondary electron image (SEI) of
BST (a, b) and 0.05%G/BST composites (c, d). Since
we used a cold-pressing process for sample densifi-
cation, many pores can be found in the samples. The
pore size of the BST is mostly around several
micrometres, and for the 0.05%G/BST composites
it is smaller (1-5 um). After adding G into the BST
matrix, more pores can be found in the G/BST
composites. The formation of pores in the compos-
ites should be caused by the cold-pressing process,
which led to a low density, as listed in Table I. The
density decreased as the G content x increased due
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to the increased pores and also the low density of G.
Figure 3 shows the SEI (a), BEI (b), and the
elemental mapping images of the 0.05% G/BST
composites. The mapping images showed the exis-
tence of G and the uniformly distributed matrix
elements (Bi, Sb, and Te). The oxidation of G could
be minimized since the samples were annealed in a
flowing hydrogen atmosphere.

The room-temperature charge transport proper-
ties of the xG/BST composites are listed in Table I.
The positive Hall coefficient values indicated that
the majority carriers of the composites were holes,
indicative of a p-type conduction behavior. The Ry
and p of xG/BST composites first increased and then
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Fig. 1. XRD patterns of xG/BST composites.
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decreased as x was increased. Meanwhile, the n first
decreased and then increased. The composites with
x=0.05% and x = 0.10% exhibited increments in
the R, and u as well as decreases in the n as
compared with the G-free sample. The decrease of n
should be attributed to the decreased density, while
the increased u was a consequence of improved
electrical transport contributed by the G. The
composites with x = 0.15% and x = 0.20% exhibited
a decrease in u as well as an increase in n as
compared with the composites with x = 0.10%. A
possible explanation for this change is that the
carrier number provided by the G particles
increased with increasing their content, which led
to increased n and thus decreased u. Therefore, the
addition of a proper amount of G can be used to
regulate the carrier transport of the BST matrix.
The temperature dependences of electrical con-
ductivity, Seebeck coefficient, and power factor in
the range of 300-480 K of xG/BST composites are
shown in Fig. 4. The decrease of ¢ with increasing
the measuring temperature suggested a metal-like
conduction behavior. The low ¢ should be strongly
relevant to the low density of the samples as
determined by the preparation methods. With
increasing x, the ¢ of xG/BST composites first
decreased and then significantly increased for the
x = 0.20% composite. This was attributed to the
competition on the change in n and u according to
the formula o = ney. With increasing the G content
x, the carrier concentration of xG/BST composites
decreased for the samples with x < 0.10% and then
increased for those with x > 0.10%. The decreased n
for the samples with x < 0.10% should be attributed

X 1,000 20.0kV SEI NOR

Fig. 2. SEl and BEI of BST (a, b) and 0.05%G/BST composites (c, d).
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Table I. Density and charge transport properties of xG/BST composites at room temperature

Carrier Carrier Electrical
Densitg Hall coefficient mobility concentration conductivity

Sample (g em™) (em® C™Y) (ecm?V~1s71 (10'? em™3) (10* Sm™)
BST 5.30 0.611 193 1.0 3.15
0.05%G/BST 4.83 0.639 197 0.98 3.07
0.10%G/BST 4.72 0.835 215 0.75 2.56
0.15%G/BST 4.60 0.784 173 0.80 2.20
0.20%G/BST 4.51 0.527 149 1.2 2.82

0.0
0.0
0.1
0.5
2.9
10.9
26.7
36.0

22.8

to the pores and volume effect caused by the low-
density G. However, when the G content is higher
than 0.10%, the charge transfer from G to BST
becomes dominant, which leads to increased n. The
positive values of o were indicative of p-type con-
duction behavior, which was consistent with the
Hall measurements. With increasing the measuring
temperature, o first increased and reached a

maximum at 310-330 K and then decreased at
higher temperatures. The increase of o was closely
related to the reduced ¢, while the reduction of « at
higher temperatures was a consequence of intrinsic
excitation. The o of the samples with x < 0.15% were
increased compared with the G-free sample around
room temperature, implying that the G particles
had a positive effect on «. Normally, the relationship
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Fig. 4. Temperature dependences of (a) electrical conductivity and (b) Seebeck coefficient of xG/BST composites. Inset in (a) shows the
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Fig. 5. Temperature dependences of (a) thermal conductivity, (b) carrier thermal conductivity, (c) lattice thermal conductivity, and (d) ZT of xG/

BST composites.

between carrier concentration and Seebeck coeffi-
cient are inversely proportional. For a degenerated
semiconductor and assuming a single parabolic
band structure, it has,*°

8n2kL .,/ m\2/3
T Ben2 ™ T(ﬁ) (1)

Therefore, the improved Seebeck coefficient for the
samples with x < 0.15% should be due to the
decreased carrier concentration. The o’c of the
sample with x = 0.05% increased slightly in the
temperature range of 300-480 K as compared with
the G-free sample, benefiting from the increased a.

The temperature dependences of thermal conduc-
tivity, carrier thermal conductivity, and lattice
thermal conductivity of xG/BST composites are
plotted in Fig. 5. The x of the xG/BST composite
TE materials increased with increasing the temper-
ature in the range 300-480 K. The considerable
increase at high temperatures was due to the
bipolar effect in the intrinsic excitation region. The
k decreased as the x increased from 0% to 0.20%.
The lowest k was 0.40 W m ! K~! at 320 K for the
sample with x = 0.20%, showing a decrease of 33%
as compared with the G-free BST matrix. Compared
with other work, the thermal conductivities (0.4—
0.6 Wm K1) of our cold-pressed samples are
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much lower than those of the higher-density sam-
ples synthesized by the slpark plasma sintering
process (over 1.0 W m ! K™ 1).2° i was significantly
reduced, which should be attributed to the
enhanced phonon scattering induced by the pores
and G particles. In fact, the rather low density
should be largely responsible for the extremely low
k1. The change trend in kg as the temperature
increases was attributed to the contribution of the
temperature according to the temperature of the o.
Figure 5d shows the ZT values of the xG/BST
composites. As the temperature increased in the
range of 300-480 K, ZT first increased and then
decreased. The largest ZT reached 1.05 at 320 K for
the composite with x = 0.05%, which is increased by
35% as compared with that of the G-free BST
matrix. Note that the G/BST composites showed
high ZT values comparable with those of commer-
cialized zone-melting ingots. The property measure-
ments clearly indicated that optimizing the content
of the G particles could significantly increase the TE
performance of the BST due to the remarkable
decrease in x and slight increase in o?c.

CONCLUSIONS

A series of xG/BST (x = 0%, 0.05%, 0.10%, 0.15%,
and 0.20%) composite TE materials were prepared
by the combination of powder metallurgy, cold-
pressing, and annealing methods. XRD analysis
showed that all the composites were composed of
BST phase with no preferred orientation. Charge
transport measurements demonstrated that the
carrier concentration first decreased due to the
decreased density, then increased due to the addi-
tion of conductive G. TE transport measurements
indicated that optimizing the doping content of G
particles could enhance «?¢ due to the slight
increases in o. The maximal o®c value reached
1.63mW m ' K2 at 310 K for the sample with
x = 0.05%. k1, was significantly reduced, by 33%,
because of enhanced phonon scattering induced by
the pores and G particles. The largest ZT for the
composites with x = 0.05% reached 1.05 at 320 K,
which is increased by 35% as compared with G-free
BST materials. This work provided a simple and
cost-effective approach to achieve non-textured
Bi;Tes-based TE materials with comparable TE
performance.
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