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The effects of additional graphite in (Bio.3Sbi.7Tes.1)1-<Cx (x = 0, 0.004, 0.012, 0.032, 0.06, and 0.12)
prepared by mechanical alloying followed by hot pressing were investigated. Carbon was added to
obtain a low thermal conductivity via phonon scattering. The samples were examined by X-ray
diffraction, scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy-
dispersive X-ray spectroscopy, and electron energy-loss spectroscopy (EELS). EELS can be used to
investigate the distributions of light elements such as carbon. The diffraction peaks indicated a
single-phase Bi,Tes—Sb,Tes solid solution. All the specimens were p-type semiconductors and SEM
and TEM images showed dense without coarse grains. Agglomeration along the grain boundaries
and inhomogeneous dispersion of carbon was observed by EELS. (Bio3Sbi.7Tes.1)0.88Co.12 grains
wrapped by carbon layers of thickness approximately 50 nm were observed. The thermal
conductivity of (Bio.3Sbi.7Tes.1)1-«Cy increased with increasing x. It is considered that the presence of
a large amount of carbon affected the thermal conductivity of the Bio3Sbi.7Tes.1 matrix because the
thermal conductivity of carbon is much higher than that of Bio3Sbi;Tes; and the carbon was
dispersed inhomogeneously. Bio3SbisTes; without additional graphite had a maximum
dimensionless figure of merit ZT = 1.1. The ZT value decreased, and varied from 0.8 to 1.0, for
(Bio3Sbi.7Tes.1)1-xCx. The results show that inhomogeneously dispersed carbon did not improve the

thermoelectric properties of Big3Sbi.7Tes.1.
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1. Introduction

Thermoelectric materials have great potential for reducing fossil fuel consumption and preventing
global warming because such materials enable direct conversion of thermal energy to electrical
energy and reduce energy consumptions by using waste heat [1]. Energy-conversion systems based
on thermoelectric materials have many advantages. They are noise free, virtually maintenance free,
highly economical for long-term operation, and environmentally friendly [2,3]. Recently, many
thermoelectric materials, and modules and power generation systems based on them, have been
studied [4-13]. However, the thermoelectric properties of such materials need to be improved
because their energy-conversion efficiencies are lower than those of other energy-conversion
systems. The development of methods for improving thermoelectric properties is therefore still the

main aim of much research.
The thermoelectric performance is represented by the dimensionless figure of merit Z7:
ZT = a’ok™1T €))

where a, o, x, and T are the Seebeck coefficient (V K!), electrical conductivity (S m™), thermal
conductivity (W m™!' K™, and absolute temperature (K), respectively. The thermal conductivity x of

a thermoelectric material generally consists of the phonon and carrier thermal conductivities:

Ktotal = Kphonon T Kcarrier = Kphonon T LoT (2)

where Kiotal, Kphonon, Kcarrier, and L are the total, phonon, and carrier thermal conductivities, and the

Lorenz number of the metal (2.45 x 108 W S™! K2), respectively [14,15].

Various intermetallics for thermoelectric materials have been extensively studied and their

thermoelectric properties have been improved by using different preparation methods [16-22].



BiyTe;—SboTes-based intermetallics have been investigated because they have high ZT values at
room temperature [23-25]. Bi;Tes—Sb,Tes-based materials can be prepared by mechanical alloying
followed by hot pressing (MA—HP). MA has a grain-refining effect via grain boundary scattering.
Samples are usually prepared by a powder metallurgy process such as MA to maintain a low phonon
thermal conductivity. Sintered compacts prepared by MA—HP have random crystal orientations and

refined structures, and these decrease the phonon thermal conductivity [26].

BiosSbisTeso prepared by melt growth has been reported to have the maximum dimensionless
figure of merit ZT among Bi;Tes—Sb.Te; solid solutions [27]. In recent years, it has been reported
that the properties of the best undoped Bi 3Sby 7Tes o material prepared by MA—HP differ from those
of BigsSbi.sTeso prepared by melt growth [28]. It has been shown that the presence of fine grains
reduces the phonon thermal conductivity of Bi;Tes—Sb,Tes materials prepared by MA—HP compared

with that of the solid solution prepared by melt growth.

The effects of doping thermoelectric materials with various elements have been widely investigated,
with a view to improving their thermoelectric properties [29-35]. In a previous study,
tellurium-doped Bio3Sbi7Tes.0, i.e., Bio3Sbi1.7Tes 0+, was prepared by MA-HP and the effects of
tellurium doping on the thermoelectric properties were investigated [36]. The properties of BixTes—
Sb,Tes solid solutions are generally improved by the addition of tellurium, which acts as a carrier
[37]. The doping effect is influenced by tellurium evaporation in Bi,Tes—Sb,Tes materials because
the vapor pressure of tellurium is much higher than those of bismuth and antimony [38—40]. The
material obtained by addition of tellurium at x = 0.1, i.e., Big3Sbi;Tes1, has the maximum

dimensionless figure of merit, ZT'= 1.11, at room temperature [36].

Recently, many studies of nanostructured thermoelectric materials have been report [41-44]. For



example, carbon addition improves the thermoelectric properties of thermoelectric materials via
nanoscale carbon particle dispersion [45-47]. The thermal conductivity obtained by phonon
scattering is low [42,48,49], therefore phonon scattering caused by added carbon is the main reason
for the improvement in the thermoelectric properties. Phonon scattering is caused by grain
boundaries, and the phonon thermal conductivity is decreased by phonon scattering. As a result, the
total thermal conductivity decreases, and the dimensionless figure of merit Z7 increases. Carbon
nanoparticles provide inert scattering centers for phonons in grains [48,50]. It has also been reported
that carbon particles at grain boundaries prevent recrystallization and grain growth during heat
treatment [45]. A low thermal conductivity can be achieved by decreasing the particle size [51,52].
Carbon particles dispersed homogenously in a Big3Sbi;Tes 1 matrix increase the number of
scattering centers and grain boundary scattering, and suppress grain growth, because carbon does not
form compounds with bismuth, antimony, and tellurium. Carbon particle dispersion in thermoelectric
materials has been investigated by energy-dispersive X-ray spectroscopy (EDS). However, it is
difficult to detect carbon by this method because it is a light element and below the detection limit.
In addition, graphite does not have a special shape, unlike carbon nanotubes and fullerenes, therefore
graphite cannot be distinguished by its morphology. The profiles of carbon particles around grains in
a matrix have therefore not been specifically reported in the literature, i.e., whether carbon particles
are dispersed homogenously in the matrix. However, electron energy-loss spectroscopy (EELS) has
been used to observe carbon particle dispersion. A combination of scanning transmission electron
microscopy (STEM) and EELS enables analysis of light elements and chemical bonding states at

high spatial resolution [53-57].

In the present study, carbon was added to a Big3SbisTes; matrix and the effects on the

thermoelectric properties were evaluated. Elemental analysis and determination of the dispersion
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profiles of carbon in thermoelectric materials by EELS have not been previously reported. Carbon
particle dispersion in Big3Sbi;Tes; was therefore examined by EELS, and the thermoelectric
properties of the materials were investigated.

2. Experimental procedure

Bismuth (99.999%), antimony (99.9999%), tellurium (99.9999%), and carbon (graphite, 99.9%)
were weighed in air to give various stoichiometries of (Bio3Sbi7Tes 1)1-<Cx (x = 0, 0.004, 0.012,
0.032, 0.06, and 0.12). All raw materials were purchased from the Kojundo Chemical Laboratory
Co., Ltd. Only millimeter-scale grains of bismuth, antimony, and tellurium were used, to decrease
contamination by surface oxide layers. Graphite powder (50 pm) was used because it is more
convenient than nanoscale carbon materials. The raw materials and milling medium were placed in a
stainless-steel vessel in a glove box filled with Ar gas. The milling medium consisted of Si3Ny4
ceramic spheres. The vessel capacity was 0.5 L. The weight ratio of the milling medium to the raw
materials was more than 20:1. Milling was performed with a Fritch P-5 planetary ball mill at a
maximum rotational speed of 180 rpm for 30 h. The raw materials were converted to alloys and fine
particles by MA. The graphite powder particle size decreased during MA. The milled powders were
passed through a 150 um diameter sieve, and it was confirmed that no raw materials remained. The
milled powder was sintered by HP at 623 K under a uniaxial pressure of 147 MPa in an Ar
atmosphere. The sintered compacts were cylinders of diameter 10 mm and height 9 mm. These
compacts were cut into disks of diameter approximately 1 mm and 10 mm to obtain isotropic disks.
Approximately 1 mm of the compact was removed from the top and bottom of the sintered compact

surface because it has been reported that this promotes formation of the (00-/) texture [28,58].

The out-of-plane direction of the sintered disks were examined by X-ray diffraction (XRD; Rigaku

SmartLab) with Cu Ka radiation. All the sintered disks were examined in the Bragg angle range 26 =
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20° to 90°, with a step size of 0.1° and a step speed of 5.0 s per step.

The microstructures and elemental dispersions in cross-sections of the sintered disks (x = 0.06 and
0.12) were investigated by scanning electron microscopy (SEM; JEOL, JSM-6510A) and EDS
(Super-X), respectively. Transmission electron microscopy (TEM; Titan Cubed G2 60-300
Cs-corrected S/TEM) was used to determine the grain sizes of the sintered disks (x = 0 and 0.12).
Carbon particle dispersion in the sintered disks (x = 0.06 and 0.12) was investigated by a

combination of STEM and EELS (Gatan Quantum 965).

The thermal and electrical conductivities, and the Seebeck coefficients at room temperature of all
the disks were determined using laboratory-constructed systems. The thermal conductivities were
determined by static comparison methods [27,29,59]. The material used for comparison in the static
comparisons was quartz (x = 1.411 W m™! K™!). The electrical conductivities were determined by the
four-point probe method using a delta mode electrical resistance system based on a 2182A/6220
instrument (Keithley Instruments, Inc.) The probe was of size 1.0 mm and made of tungsten carbide.
All measurements made using the electrical conductivity system were confirmed by ohmic contact
[29]. The Seebeck coefficients were determined using the constructed thermal contact method, and
confirmed by measurements using the standard reference material SRM3451 [30,60]. The accuracies
of the electrical and thermal conductivities were less than 1% and that of the Seebeck coefficient

was less than +2%.

3. Results and discussion

Fig. 1 shows the XRD patterns of sintered disks of (Bio.3Sbi.7Tes.1)1-<Cx (x = 0, 0.004, 0.012, 0. 032,
0.06, and 0.12) prepared by MA—HP. The main indexes of a Bi»Tes—Sb,Tes solid solution are shown.
All the diffraction peaks indicate a single-phase BirTe;—Sb,Tes solid solution. The characteristic

diffraction peaks corresponding to carbon were not observed, despite the presence of added carbon.
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These results show that carbon did not react with Bio3Sbi;Tes and had no effect on the XRD
pattern of the Bip3Sb 7Tes 1 matrix.

Fig. 2(a) shows a STEM bright field micrograph of a (Bio3Sbi.7Tes.1)0.94Co.06 sintered disk prepared
by MA-HP, and Fig. 2(b)—(e) show the STEM-EDS results for bismuth, antimony, tellurium, and
carbon, respectively. All the sintered disks consisted of dense grains without coarse grains. Fig. 2(a)—
(c) show that bismuth, antimony, and tellurium were homogeneously dispersed in
(Bio.3Sbi.7Te3.1)0.04Co.06. Although homogenous dispersion of carbon is also likely, this cannot be
observed in Fig. 2(e), probably because most of the characteristic X-rays from carbon were absorbed
by the Bio3Sbi 7Tes.1 matrix.

Fig. 3(a) and (b) show a STEM annular dark field image and EELS carbon mapping, respectively,
of a (Bio3Sb1.7Te3.1)0.04Co.06 sintered disk prepared by MA—HP. The observed area is the same as that
in Fig. 2. The white region in Fig. 3(b) indicates carbon and shows that carbon agglomerates are
present in the (Bio.3Sbi.7Te3.1)0.904Co.06 sintered disk. Carbon particle were not clearly observed in the
grain of the (Bip.3Sbi.7Tes.1)0.94Co.06.

Carbon was inhomogeneously dispersed in the (Big3Sbi.7Tes.1)0.94Co.06 matrix, and Big3Sbi;7Tes
grains were wrapped in carbon layers of thickness approximately 50 nm. This result is completely
different from that obtained by EDS carbon elemental mapping, shown in Fig. 2(e).

Fig. 4(a) shows a SEM micrograph of a cross-section of a (Bio3Sbi.7Tes.1)0.88Co.12 sintered disk
prepared by MA—HP, and Fig. 4(b)—(e) show the EDS results for bismuth, antimony, tellurium, and
carbon. The carbon elemental mapping in Fig. 4(e) indicates homogeneous dispersion of carbon
particles in the matrix. However, most of the characteristic X-rays from carbon were absorbed by the
Bio3Sb; 7Tes.1 matrix. The elemental mapping of bismuth (Fig. 4b) shows that bismuth segregation

only occurred for x = 0.12. This might be because bismuth telluride, which was formed at x = 0.12,



gave bismuth segregation by reaction with a large quantity of carbon containing impurity
contamination during sintering.

Fig. 5 shows a STEM bright field image of a (Bio.3Sb1.7Tes.1)0.88Co.12 sintered disk prepared by MA—
HP. The approximate grain size varied from 400 nm to 1 um. The grain size of the undoped
Bio3Sby 7Tes.1 sintered disk was approximately the same. This shows that the carbon particles did not
significantly affect the matrix grain size. These STEM images do not show agglomeration and
homogenous dispersion of carbon.

Fig. 6(a) and (b) show a STEM annular dark field image and EELS carbon mapping, respectively,
of a (Bio.3Sb1.7Tes.1)0.88Co.12 sintered disk prepared by MA-HP. As in Fig. 5(b), the white region in
Fig. 6(b) indicates carbon, and carbon agglomeration along the grain boundary can be observed. The
carbon in (Big3Sbi.7Tes.1)0.88Co.12 was inhomogeneously dispersed. Fig. 3 shows Big3Sb; 7 Tes.; grains
wrapped in carbon layers of thickness approximately 50 nm. Carbon particles were not clearly
observed in the grains of the (Big3Sbi.7Tes.1)0.88Co.12 sintered disk. The EELS results shown in Figs. 5
and 6 differ from those obtained by EDS analysis. It is considered that the carbon particle dispersion
profile cannot be observed by EDS because most of the characteristic X-rays from carbon were
absorbed by the Big3Sbi;Tes; matrix. It is therefore difficult to distinctly observe both
agglomeration and homogenous dispersion of carbon by using EDS. However, EELS analysis
enables the observation and determination of light elements such as carbon. In the present study,
carbon elemental mapping was clearly achieved by EELS.

Fig. 7 shows the total (kiotar), phonon (Kphonon), and carrier (xcamier) thermal conductivities of
(Bio3Sb;.7Tes.1)1-xCx at room temperature. The total thermal conductivity increased slightly with
increasing carbon addition. The phonon thermal conductivity increased with increasing carbon

addition. These results are contrary to our expectations. We suggest that the thermal conductivity of



Bio3Sby 7Tes.1 increased with increasing carbon addition because the thermal conductivity of carbon
(graphite) is much higher than that of Big3Sbi 7Tes.1 (kgraphite = 100 W m™! K! [61]). In addition, the
grain sizes of (Big3Sbi.7Tes.1)1-«C, were almost the same as that of Big3Sb; 7Tes ;. Additional carbon
did not prevent grain growth by agglomeration and inhomogeneous dispersion of carbon particles
during hot pressing.

Fig. 8 shows plots of the electrical conductivity versus x for (Big3Sbi7Tes1)i-«C, at room
temperature. For x < 0.06, the electrical conductivity decreased with increasing carbon addition.
Similarly to the case for the thermal conductivity, we suggest that the electrical conductivity of
carbon affects that of Biop3Sby7Tes.; because the electrical conductivity of carbon is lower than that
of Bip3SbisTes: (¢ = 7.3 x 10* S m™' [61]), i.e., carbon acts as a conductive material in
Bio3Sb; 7Tes.1 because of agglomeration and inhomogeneous dispersion of carbon, which were
observed by STEM-EELS (see Fig. 6). However, the electrical conductivity increased at x = 0.12.
This indicates that the segregation of bismuth observed by EDS affects the semiconductor properties
of (Big3Sbi7Tes.1)0.88Co.12. The constituent elements probably act as dopants and the electrical
conductivity increases because of bismuth segregation (see Fig. 4).

Fig. 9 shows plots of the Seebeck coefficient versus x for (Big3Sbi 7Tes.1)1-«Cx at room temperature.
For x < 0.06, the Seebeck coefficient remained constant. This indicates that carbon addition had no
effect on the Seebeck coefficient of Big3Sby.7Tes 1. This is probably because bismuth, antimony, and
tellurium do not form compounds with carbon. However, the Seebeck coefficient at x = 0.12
decreased slightly more than the measurement error (+2%). This is consistent with the electrical
conductivity at x = 0.12 because there is an inverse relationship between the Seebeck coefficient o
and the electrical conductivity o based on the carrier balance [62]. These results suggest that bismuth

segregation affects the Seebeck coefficient.
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Fig. 10 shows plots of the dimensionless figure of merit ZT versus x for (Biop3Sbi7Tes.1)1-<Cy at
room temperature. At x = 0, the maximum dimensionless figure of merit, Z7 = 1.1, was obtained. At
0.004 <x<0.06, ZT varied from 0.8 to 1.0.

These results show that the thermoelectric properties of Big3SbisTes; were not improved by
inhomogeneously dispersed carbon. This is probably because inhomogeneous dispersion of carbon
did not lower the thermal conductivity. The results suggest that agglomeration and inhomogeneous
dispersion of carbon particles prevented the achievement of a low thermal conductivity and

improvement of the thermoelectric properties of Big3Sby.7Tes.1.
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Fig. 1 XRD patterns (26 = 20° to 90°) of (Bio.3Sbi.7Tes.1)1-<Cy sintered disks
prepared by MA-HP, with x = (a) 0, (b) 0.004, (c) 0.012, (d) 0.032, (e) 0.06,

and () 0.12. Main indexes for Bi;Tes—Sb,Tes are shown.
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Fig. 2 (a) STEM bright field micrograph and EDS analysis of (b) bismuth,
(c) antimony, (d) tellurium, and (e) carbon for (Bio3Sbi7Te3.1)0.94Co.06

sintered disk prepared by MA—HP.

Fig. 3 (a) STEM annular dark field image and (b) EELS carbon mapping of (Big3Sbi.7Te3.1)0.94Co.06
sintered disk prepared by MA-HP.
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Fig. 4 (a) SEM micrograph of cross-section and EDS analysis of (b) bismuth,
(c) antimony, (d) tellurium, and (e) carbon for (Big3Sbi.7Tes.1)0.83Co.12 sintered

disk prepared by MA-HP.

Fig. 5 STEM bright field image of (Big3Sb1.7Tes.1)0.88Co.12 sintered disk prepared by

MA-HP.
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Fig. 6 (a) STEM annular dark field image and (b) EELS carbon

mapping of (Big3Sbi.7Tes.1)0.88Co.12 sintered disk prepared by MA—HP.
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4. Conclusions
In the present study, the effects of additional carbon in (Big3Sbi7Tes.1)i-+Cx (x = 0, 0.004, 0.012,

0.032, 0.06, and 0.12) prepared by MA-HP were investigated. The results are summarized as

follows.

(1) SEM showed that all the specimens consisted of dense grains, without coarse grains. The
approximate grain size for the (Bio3Sbi.7Tes.1)0.88Co.12 sintered disk varied from 400 nm to 1 pum.

(2) Carbon dispersion profiles were not clearly observed by EDS. However, agglomeration and
inhomogeneous dispersion of carbon along the grain boundaries of the Bigp3Sbi7Tes 1 matrix
were observed by STEM-EELS.

(3) The Bip3Sbi7Tes grains were wrapped by carbon layers of thickness approximately 50 nm.
Carbon particles were not clearly observed in the grain of (Bio.3Sbi.7Tes.1)1-«Cy sintered disk.

(4) The thermal conductivity of (Bio3Sbi7Tes.1)1-C» increased slightly with increasing x. This is
because the thermal conductivity of carbon is much higher than that of Bio3Sb; 7Tes 1.

(5) For Bio3Sb; 7Tes.1 without additional carbon the dimensionless figure of merit Z7 was 1.1. For
0.004 < x < 0.12, the dimensionless figure of merit ZT for (Bip3Sbi.7Tes.1)1-+Cy varied from 0.8

to 1.0.
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