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A B S T R A C T

Novel cermet Bi2Te2.1Se0.9þ0.33 wt% Co composite has been prepared via spark plasma sintering (SPS) the
starting Bi2Te2.1Se0.9 and Co powders at different SPS-temperatures (TS ¼ 598, 623, 648 and 673 K). During the
sintering, initial Co inclusions transform into final filler Co@CoTe2 (“core”-“shell”) inclusions, randomly
distributed inside textured grained Bi2Te2.1Se0.9 matrix. Forming these inclusions is originated from high-
temperature chemical interaction between Bi2Te2.1Se0.9 and Co. Main features in microstructure and thermo-
electric properties of the cermet composite found with increasing TS are: (i) a texturing degree of grained
Bi2Te2.1Se0.9 matrix gradually decreases that is attributed to reducing in ability of initial nanometer Co particles to
act as lubricant; (ii) a fraction of the Co core decreases, and a fraction of the CoTe2 shell increases that is related to
acceleration of Co→CoTe2 reaction at higher temperatures; (iii) the specific electrical resistivity and the Seebeck
coefficient reduce, whereas the total thermal conductivity increases that can be originated from growth of
electron concentration due to local Co doping. Highest value of the thermoelectric figure-of-merit equal to ~0.8
was observed for the composite, SPS-treated at 673 K.
1. Introduction

Generally, any composite consists of two, at least, individual com-
ponents, which are remarkably differing in their physical and/or chem-
ical properties [1–3]. Main microstructural elements of a composite are
matrix and filler. Usually, embedding filler into a matrix allows
improving desired properties of the matrix material. It is important to
note that these properties of the composite itself are often superior to
those of its individual components. Moreover, some novel properties,
which are not characteristic for the individual components, can be also
appeared in the composite. Specific properties of various types’ com-
posites are controlled by properties of matrix and filler materials, and
size, shape, dimension and content of filler, distributed inside matrix.
Currently, cermet composites (or cermets) consisting of ceramic matrix
(Al2O3, ZrO2, SiC, etc.) and metal filler (Cr, Ti, Al, Mo, etc) are important
type of composites, attractive for practice [4–6]. Embedding metal filler
results in increasing the strength wear and heat resistance, and
improving the anticorrosive properties of cermet composites. Therefore,
the cermets should be primarily considered as structural materials that
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can be widely applied in aircraft construction, automotive, mechanical
engineering, etc. Sometimes, the cermets are also developed to improve
the functional (mainly electrical or magnetic) properties [7]. In partic-
ular, one of promising approaches of modern thermoelectric materials
science is based on developing thermoelectric magnetic cermets, con-
sisting of common thermoelectric taken as a ceramic matrix, and a metal
filler possessing ferromagnetic properties (transient d-metals) [8–12]. In
the thermoelectric magnetic cermets, specific physical mechanisms can
be simultaneously affected their main thermoelectric properties (the
specific electrical resistivity, ρ, the Seebeck coefficient, S, and the total
thermal conductivity, k). In accordance with Refs. [8–12], the main
mechanisms can be listed as follows: (a) scattering electrons and phonons
by metal inclusions, affecting ρ and k, respectively; (b) increasing S via an
electron energy filtration effect, related to matrix/filler interfaces; (c)
scattering electrons by magnetic moments of metal inclusions (similarly
to the Kondo effect), resulting in decreasing electron mobility; (d)
increasing electron concentration due to rectifying properties of
metal-semiconductor contact, which is related to matrix/filler interface,
affecting ρ; (e) localizing electrons near matrix/filler interface, resulting
October 2021
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Fig. 1. (a) SEM image of particles in the starting Bi2Te2.1Se0.9 powder; (b) SEM
image of agglomerated formations in the starting Co powder; (c) BSE image of
polished surface of the cermet Bi2Te2.1Se0.9þ0.33 wt% Co composite, SPS-
treated at TS ¼ 598 K.
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in relevant decreasing their mobility and forming magnetic polarons; (f)
entrainment effect of carriers by paramagnons (paramagnon drag),
affecting ρ, S and k. Similarly to other common composites, the ther-
moelectric properties of the thermoelectric magnetic cermets will be
remarkably dependent on features of their microstructure, including
average size of grains in matrix material, type and degree of grains
ordering, size, shape and internal structure of filler inclusions and etc. To
get a desired microstructure of the cermet with controlled features listed
above, some technological variables applying to fabricate the cermet
should be correctly tuned. Sintering temperature is one of such easily
changeable and controlled variables.

The purpose of this paper is to prepare novel thermoelectric magnetic
cermet, consisting of grained Bi2Te2.1Se0.9 matrix and metal ferromag-
netic Co filler, and to find and analyze the patterns of spark plasma
sintering (SPS) temperature effect on features in the microstructure and
thermoelectric properties of this cermet. The Bi2Te3-based semi-
conductors are widely applied to prepare two-component n-type Bi2Te3-
xSex and p-type Bi2-xSbxTe3 alloys for various low-temperature thermo-
electric applications [13,14]. The filler Co metal is ferromagnet with the
Curie temperature at 1394 K [15]. It is important to note that the SPS
method allows preparing textured samples of Bi2Te3-based alloys with a
preferential orientation of grains [16–22]. Under the texturing, anisot-
ropy in the thermoelectric properties of the grained material, which is
inherent to single crystal, is partially recovering. As result, the properties
measured along directions, which are parallel or perpendicular to a
texturing axis, are remarkably different, that allows using the texturing to
enhance the thermoelectric figure-of-merit of thermoelectric materials.
According to Ref. [23], anisotropy in the thermoelectric properties of
Bi2Te3-xSex alloys (with 0.3� x� 0.9) was dependent on Se content. The
highest anisotropywas observed for composition with x¼ 0.9. Therefore,
under spark plasma sintering the cermet composite with grained
Bi2Te2.1Se0.9 matrix, anisotropy in the thermoelectric properties result-
ing from the texturing is expected to be maximal.

2. Materials and methods

To prepare the cermet Bi2Te2.1Se0.9þ0.33 wt% Co composite, starting
Bi2Te2.1Se0.9 and Co powders were first synthesized. To synthesize the
starting Bi2Te2.1Se0.9 powder, the polyol method was applied. The high
pure Bi2O3, NaHSeO3, TeO2 precursors taken in a stoichiometric ratio
were dissolved in ethylene glycol with 200 g addition of alkaline agent
(KOH). The obtained solution was transferred to a 3000ml round-bottom
flask and heated to boiling point at 458 K. After evaporation of water
impurity, the flask with solution was then sealed with a reflux and
maintained for 4 h at 458 K. The resulted dark suspension was cooled to
room temperature. The powder was purified by centrifugation and
washing for 3 timeswith ethanol and acetone. Then, the powderwas dried
in vacuum drying oven at 373 K for 12 h. To synthesize the starting Co
powder, 10 g Co(NO3)2‧6H2O and 15 g citric acid taken as a coordinating
agent were dissolved in 400 ml ethylene glycol. Subsequently, 10 g KOH
was added into the solution. The mixture was heated to 353 K under
vigorously stirring to homogeneity. Then the resulted solutionwas cooled
to room temperature. Hydrazine hydrate 10 ml was slowly added follow.
The reaction mixture heated to 353 K and maintained to 6 h to complete
the reduction Co2þ→Co0 process. The obtained powder was collected by
neodymium magnet and washed with ethanol and acetone to remove
organic impurities. Toprepare thebulk cermetBi2Te2.1Se0.9þ0.33wt%Co
composite, the starting Bi2Te3 and Co powders taken in a stoichiometric
ratio were thoroughly mixed by a planetary mill for 30 min. The mixed
powderswere SPS-treated at pressure of 40MPa for 5min, resulting in the
Ø20mm� 15mm cylinders. Different SPS temperatures, TS, equal to 598,
623, 648 and 673Kwere used. To study the thermoelectric properties, the
2� 2� 10mmbars and theØ10� 2mmdisks were cut out both along in-
plane and out-of-plane directions of the cylinders.

To measure density of the samples SPS-prepared at different tem-
peratures, the Archimedes method was applied. To identify crystal
2

structure and phase composition of the starting Bi2Te2.1Se0.9 and Co
powders and the bulk samples, X-ray diffraction (XRD) analysis was
performed by using a Rigaku Ultima IV diffractometer with CuKα-radia-
tion. The Rietveld refinement was applied to calculate crystal lattice
parameters for various phases, observed in the starting powders and the
bulk samples. To examine morphology of the starting Bi2Te2.1Se0.9 and
Co powders, a scanning electron microscope (SEM) Nova NanoSEM
450JEM-2100 was used. This microscope was also applied to find fea-
tures in microstructure of the bulk samples, related to grain structure and
filler inclusions structure, distinguish different phases related to filler
inclusions (by backscattered electron (BSE) method) and take profiles of
elements along line crossing inclusions (by energy dispersive X-ray
spectroscopy (EDS) method). To measure the specific electrical resistivity
and the Seebeck coefficient of the bar samples, a ZEM-3 system was used.
To determine the total thermal conductivity of the disk-shaped samples, a
TC-1200 system using a laser flash method was applied.

3. Results and discussion

According to XRD analysis, the starting Bi2Te2.1Se0.9 powder is single
hexagonal R3m phase with lattice a ¼ b ¼ 0.4304 nm and c ¼ 3.0000 nm
parameters. Particles in the powder are mainly hexagonal plates with
average plate size of a few hundreds of nm and width of ~100 nm (SEM
image in Fig. 1 (a). The hexagonal plates are often forming during
chemical synthesis of powders of Bi2Te3-based compounds [24–27]. The
hexagonal habitus of the particles in the powders is directly due to spe-
cific features in the crystal layered structure and the chemical mixed
between covalent and Van-der-Waals bonding that are specific for these
compounds [28,29]. The starting Co powder is single hexagonalP63=mmc
phase with a¼ 0.2507 nm and c¼ 0.4069 nm parameters. As is shown in
SEM image (Fig. 1 (b)), the powder mainly consists of agglomerated
formations, having almost spherical shape with the diameter of 3–4 μm.



Fig. 3. BSE image of polished surface (a), distribution map of all Bi, Te, Se and
Co elements (b) and distribution maps of individual Bi (c), Te (d), Se (d) and Co
(f) for the cermet Bi2Te2.1Se0.9þ0.33 wt% Co composite, SPS-treated
at TS ¼ 673 K.
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Since the Curie temperature for Co is much higher than room tempera-
ture (1394 K), agglomerating separated Co particles can be resulted from
a ferromagnetic interaction between the particles [15]. Size of the
separate Co particles was estimated as one hundred of nm. Forming a
desired matrix-filler microstructure in the cermet Bi2Te2.1Se0.9þ0.33 wt
% Co composite is proven by BSE image (Fig. 1 (c)). This image taken
from polished surface of the composite, SPS-treated at TS ¼ 573 K.
Actually, the filler inclusions, which are randomly distributed inside the
matrix, can be observed in this image. Therefore, under SPS-treatment,
the starting Bi2Te2.1Se0.9 and Co powders are really transforming into
the matrix-filler microstructure. Density of all the samples SPS-prepared
at various temperatures was found to be very weakly and irregularly TS
dependent and approximately equal to 7.62 g/cm3. This value is in good
agreement with data published in Ref. [23].

Overall XRD pattern taken for the cermet Bi2Te2.1Se0.9þ0.33 wt% Co
composite is expected to be simple superposition of XRD patterns, cor-
responding to the Bi2Te2.1Se0.9 matrix and the Co filler. Owing to large
content of the matrix material, its contribution into the overall XRD
pattern is dominant, as is shown for the composite, SPS-treated at
TS¼ 673 K (Fig. 2 (a)). This XRD contribution for the composites sintered
at different TS corresponds to the crystalR3m structure, like the starting
Bi2Te2.1Se0.9 powder. Therefore, the crystal symmetry of the matrix
material does not change with varying TS. In turn, owing to extremely
small content of the filler, its contribution to the overall XRD pattern
cannot be reliable distinguished, since intensities of reflections peaks for
the filler phase are comparable with background change in the overall
XRD pattern. However, as will be shown below, the Co phase really is in
filler inclusions of the cermet Bi2Te2.1Se0.9þ0.33 wt % Co composite. It is
important to note that a new CoTe2 phase is forming in the composite
during SPS-treatment of the starting Bi2Te2.1Se0.9 and Co powders. The
new phase has orthorhombic Pnam structure with lattice a ¼ 0.5217,
b ¼ 0.6220 and c ¼ 0.5426 nm parameters. The most of peaks, which
correspond to the Bi2Te2.1Se0.9 and CoTe2 phases, are partially or totally
overlapped. However, some of separate peaks for the CoTe2 phases can
be yet observed. Enlarged part of the overall XRD patterns, which shows
forming the CoTe2 phase in the composites SPS-treated at TS ¼ 598 and
673 K is presented in Fig. 2 (b). Additional weak (230) peak, which is
characteristic of the CoTe2 phase, is appearing at left slope of main (015)
peak of the Bi2Te2.1Se0.9 phase. A fraction of the CoTe2 phase is appar-
ently increasing with growing TS, since the (230) peak for the composite
with TS ¼ 673 K (curve 2) is much higher as compared to that for the
composite with TS ¼ 598 K (1).

Coexistence of the Bi2Te2.1Se0.9, Co and CoTe2 phases in the cermet
Bi2Te2.1Se0.9þ0.33 wt % Co composite can be confirmed by analysis of
BSE image and mapping of elements distribution per surface of the
Fig. 2. (a) XRD pattern for the cermet Bi2Te2.1Se0.9þ0.33 wt% Co composite, SPS-tr
treated at TS ¼ 598 (curve 1) and 673 K (2).

3

cermet composite. BSE image of polished surface, with which different
elements were mapped, is shown in Fig. 3 (a). Three different phases can
be found in this Figure. Major phase corresponds to a light-grayed
background, while minor phases are filler inclusions, which are
randomly distributed inside the major phase. The filler inclusions
themselves are composite ones, since they are formed as “core”-“shell”
inclusions. According to Bi, Te, Se and Co maps (Fig. 3 (b), (c), (d), (e)
and (f)), major phase should be attributed to the matrix Bi2Te2.1Se0.9
phase, whereas minor Co and CoTe2 phases form the filler inclusions.
These slightly distorted spherical inclusions consist of a Co core covered
with a CoTe2 shell, i.e. Co@CoTe2 inclusions are naturally formed in the
cermet composite during SPS-process. Recently, forming similar filler
Ni@NiTe2 inclusions called as locally-gradient domains was also found in
the Bi2Te3-matrix þ Ni-filler composite [11,12].

To characterize a distribution of different elements inside the “core”-
“shell” inclusions, which form in the cermet Bi2Te2.1Se0.9þ0.33 wt% Co
eated at TS ¼ 673 K; (b) Enlarged part of XRD patterns for the composites, SPS-
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composite, EDS line scan profiles of Te, Bi, Se and Co were taken along
line, crossing one of the inclusions. BSE image of this “core”-“shell” in-
clusion is shown in Fig. 4 (a). Results of EDS scanning are presented in
Fig. 4 (b). One can conclude that (i) Co and Te are dominated inside the
shell, (ii) Co is mainly concentrating inside the core, (iii) far from the
inclusion, Co is missing, whereas Te, Bi and Se are homogenously
distributed. Similarly to the Ni@NiTe2 inclusions [11,12], gradient
changing in Co and Te content takes place in the Co@CoTe2 inclusions,
too. Therefore, under SPS-treatment of the starting Bi2Te2.1Se0.9 and Co
powders, forming the local-gradient micrometer Co@CoTe2 inclusions
from the initial Co inclusions occurs. Besides the micrometer Co@CoTe2
inclusions, nanometer inclusions with size of <100 nm are also observed
in the cermet composite being studied. Some of these nanometer in-
clusions are highlighted by circles in Fig. 4 (a). Comparing color of the
nanometer inclusions and the CoTe2 shell in the Co@CoTe2inclusions,
one can conclude that the nanometer inclusions correspond to the CoTe2
phase. As was mentioned above, the starting Co powder consists of
agglomerated formations, which include many Co particles (Fig. 1 (b)).
Due to chemical interaction between the Bi2Te2.1Se0.9 matrix and the Co
filler, the nanometer CoTe2 inclusions could be synthesized from these
initial separate Co particles, which, in turn, are formed under mixing the
starting Bi2Te2.1Se0.9 and Co powders by planetary mill. Since the sepa-
rate Co particles are small, they have a time enough to totally or partially
transform into the CoTe2 inclusions under SPS-treatment. With
increasing TS, this transformation should be more effective, that is more
number of the initial separate Co particles will transform into the final
CoTe2 inclusions.

The initial Co inclusions should be considered as impurity Co sources,
randomly distributed inside the Bi2Te2.1Se0.9 matrix. This initial Co
Fig. 4. (a) BSE image of the filler Co@CoTe2 inclusion (circles indicate the
separate CoTe2 particles); (b) EDS line scan profiles of Bi, Te, Se and Co, taken
along line crossing the inclusion.
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distribution is strongly inhomogeneous. During SPS-treatment including
both the high-temperature sintering and the uniaxial mechanical loading,
the matrix and filler atoms start diffusing through matrix/filler interfaces
in order to form final homogeneous Co distribution. Owing to diffusion
atoms redistribution, which results in Co→CoTe2 reaction, the CoTe2
phase is gradually forming as the shell, surrounding the Co core. Atomic
diffusion is some solid is known to be very sensitive to temperature of this
process, which affects relevant diffusion coefficient [30]. In this case,
with increasing TS, more fraction of the initial Co inclusion will transform
into the CoTe2 shell that will be accompanied by simultaneous
decreasing fraction of the Co core. As result, a ratio between fractions of
the core and the shell in the Co@CoTe2 inclusions should be strongly
dependent on SPS-temperature. Such TS-effect on the characteristics of
the Co@CoTe2 inclusions was really found. Taking into account almost
spherical shape of the Co@CoTe2 inclusions, average diameter of the
inclusion itself, DIN, and average diameter of the core, DC, can be esti-
mated. To correctly estimate the DIN and DC sizes, the histograms of
distributions for these sizes were plotted by using BSE images, taken for
different SPS-temperatures. To obtain the reliable sizes distributions, the
Dc and Din sizes of more than 50 inclusions were measured on BSE im-
ages. Both histograms can be satisfactory described by a lognormal
unimodal distribution. The lognormal probability density function for
the DIN and DC sizes can be expressed as [31].

FðDÞ¼ 1ffiffiffiffiffi
2π

p
σD

exp

 
� ðlnD� lnDaÞ2

2σ2

!
; (1)

where D ¼ DIN (for the histogram of DIN-distribution) or D ¼ DC (for the
histogram of DC-distribution), and σ is the standard deviation of the
logarithms of the sizes.

The standard deviation of the logarithms of both sizes was estimated
as ~0.4 and it was weakly dependent on sintering temperature. Then, the
DC and DIN estimates were used to calculate the DC/DIN ratio that can be
applied to characterize a changing in internal structure of the inclusions
with varying TS. The DC/DIN versus TS dependence is presented in Fig. 5.
With increasing TS, the Co core fraction is gradually decreasing, i.e. the
CoTe2 shell is gradually becoming dominant in the Co@CoTe2 inclusion.
As was mentioned above, this tendency can be originated from acceler-
ation of atomic diffusion at higher temperatures. Thus, at low SPS-
Fig. 5. The DC/DIN vs. TS dependence for the cermet Bi2Te2.1Se0.9þ0.33 wt%
Co composite.
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temperatures (TS ¼ 598 and 623 K), the core-dominated inclusions are
preferentially forming, at high SPS-temperature (673 K), the shell-
dominated inclusions are main ones, and, finally, at intermediate SPS-
temperature (648 K), the core and shell fractions in the inclusions are
close to each other. Therefore, the internal structure of the Co@CoTe2
inclusions is really governing by SPS-temperature.

All the samples of the cermet Bi2Te2.1Se0.9þ0.33 wt% Co composite
SPS-treated at different TS were found to be heavily texturing. As was
mentioned above, the texturing is a typical phenomenon for Bi2Te3-based
alloys, which are prepared by technological processes using uniaxial
pressuring a starting powder [16–22,32,33]. Usually, a texturing axis
coincides with SPS-pressing direction. Under the texturing, the
plate-shaped grains are preferentially ordering that results in forming a
specific lamellar texture. The grains are elongated along the lamellar
sheets, and the sheets themselves lie in a plane, perpendicular to
SPS-pressing direction. SEM-images taken for the perpendicular
(perpendicularly to SPS-pressing direction) and parallel (parallel to
SPS-pressing direction) surfaces of the cermet Bi2Te2.1Se0.9þ0.33 wt %
Co composite SPS-treated at TS ¼ 598 K are presented in Fig. 6 (a) and
(b), respectively. An ordered grained structure formed in the lamellar
sheets is observed for the parallel surface, but a disordered grain struc-
ture with the grains having mainly irregular shape is observed for the
perpendicular surface. To estimate a texturing degree of the cermet
composites SPS-treated at different TS, the Lotgering factor, LF was
extracted via analysis of XRD patterns [34]. LF be expressed as

F¼ p� p0
1� p0

; (2)

where p and p0 are in turn expressed as

p¼ Ið00lÞP
IðhklÞ; and p0 ¼ I0ð00lÞP

I0ðhklÞ (3)

Here, the I and I0 intensities correspond to textured (oriented) and
non-textured (non-oriented) samples, respectively. Ideally, F ¼ 1
Fig. 6. SEM images for the cermet Bi2Te2.1Se0.9þ0.33 wt% Co composite with
TS ¼ 598 K, taken for the surfaces oriented perpendicular (a) and parallel (b) to
the SPS-pressing direction.
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corresponds to completely oriented sample (single crystal), whereas
F ¼ 0 is characteristic of completely non-oriented sample (powder or
grained material with completely random grain orientation).

The LF versus TS dependence is presented in Fig. 7. With increasing
TS, LF steady decreases. To explain this behavior, presence of the separate
nanometer Co particles, which form spherical agglomerations (Fig. 1 (b))
in the starting Co powder, should be taken into account. These separate C
particles can act as a lubricant during spark plasma sintering of the
cermet Bi2Te2.1Se0.9þ0.33 wt% Co composites. The initial stage of SPS-
process is a packing of the particles in the starting powder under
external pressuring [35]. During the texturing, the packing will lead to
the rearrangement of the randomly oriented particles into the lamellar
sheets with preferential particles orientation. These particles will be next
transformed into the grains in sintered material. Some nanometer pow-
der lubricants can really improve the particles packing behavior during
SPS-process that were reported for the Ce lubricant in Al2O3 [36] or the
Te lubricant in Bi2Te3 [37]. Via the lubricating mechanism, introducing
Co as separate particles should result in more effective packing the par-
ticles, and, hence, relevant increasing in preferential grain orientation.
However, under SPS-treatment of the starting powders, the Co→CoTe2
transformation takes place. CoTe2 is chemical compound and it cannot
already act as the lubricant. The Co→CoTe2 transformation will be
accelerated at higher temperatures. As result, with increasing TS a frac-
tion of lubricating Co particles will decrease, whereas a fraction
non-lubricating CoTe2 particles will increases. The particles packing and
the following texturing will become less effective, resulting in the rele-
vant LF(TS) dependence (Fig. 7).

Synthesis of the “core”-“shell” particles of various types is already
known way, applying to improve the thermoelectric properties of ma-
terials [38,39]. However, under preparation of a bulk material, an initial
“core”-“shell” structure is usually destroyed [38]. In the cermet
Bi2Te2.1Se0.9þ0.33 wt% Co composite, the Co@CoTe2 inclusions are
naturally formed inside the matrix during SPS-process. Moreover, the
internal structure of the “core”-“shell” inclusions can be tuned in desired
manner via varying SPS-temperature. Finally, CoTe2, which is shell's
material, is compound interesting for research. Particularly, at present
this compound is considering as promising electrocatalyst for hydrogen
evolution reaction [40–42].
Fig. 7. The LF vs. TS dependence for the cermet Bi2Te2.1Se0.9þ0.33 wt%
Co composite.
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All the thermoelectric properties (including the specific electrical
resistance, the Seebeck coefficient and the total thermal conductivity) of
the cermet Bi2Te2.1Se0.9þ0.33 wt% Co composite measured at room
temperature happened to be TS-dependent. Besides, since the composites
are textured, these properties are anisotropic, too. To take into account
the texturing effect, all the thermoelectric properties were measured for
directions, parallel (parallel measuring orientation) and perpendicular
(perpendicular measuring orientation) to SPS-pressing direction. The ρ, S
and k versus TS dependences taken for the parallel and perpendicular
measuring orientations are shown in Fig. 8 (left panel). The main features
in these dependences can be listed as follows. Firstly, the ρ(T) curves for
the perpendicular measuring orientation lie lower than the relevant ρ(T)
curves for the parallel measuring orientation, and the k(T) curves for the
perpendicular measuring orientation lie higher than the relevant k(T)
curves for the parallel measuring orientation. The texturing redistributes
Fig. 8. Left panel: the TS-effect on the specific electrical resistivity (a), the Se
Bi2Te2.1Se0.9þ0.33 wt% Co composite, measured at room temperature for the para
moelectric properties versus the DC/DIN parameter, which characterizes the internal
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the anisotropic ρ and k contributions from crystal a-b plane (ρab and kab)
and c-axis (ρc and kc) into the specific electrical resistivity and the total
thermal conductivity, measured parallel (ρc and kc are dominant contri-
butions) or perpendicularly (ρab and kab are dominant contributions) to
the texturing axis [22]. Since ρab<ρc and kab>kc, ρ increases and k de-
creases for the parallel measuring orientation as compared to these
properties for the perpendicular measuring orientation. Secondly, usu-
ally the Seebeck coefficient is very weakly anisotropic quantity. How-
ever, in the cermet Bi2Te2.1Se0.9þ0.33 wt % Co composites, the S(T)
curves for the parallel measuring orientation lie higher than the relevant
S(T) curves for the perpendicular measuring orientation, i.e. S unex-
pectedly happened to be rather anisotropic. Reason of this S anisotropy is
unclear now. The Seebeck coefficient has a negative sign, which is
characteristic of n-type conductivity. Thirdly, with increasing TS, the
specific electrical resistivity and the Seebeck coefficient decrease,
ebeck coefficient (b) and the total thermal conductivity (c) of the cermet
llel (curves 1) and perpendicular (2) orientations. Right panel: the same ther-
structure of the Co@CoTe2 inclusions.



Fig. 9. The TS-effect on the room temperature (curves 1 and 2) and highest (10

and 20) thermoelectric figure-of-merit of the cermet Bi2Te2.1Se0.9þ0.33 wt% Co
composite, measured for the parallel (1 and 10) and perpendicular (2 and 20)
orientations.

Table 1
The thermoelectric properties of the cermet Bi2Te2.1Se0.9þ0.33 wt% Co com-
posite and the reference Bi2Te2.1Se0.9 sample.

Compound ρ,
μΩ⋅m

S,
μV⋅K�1

k,
W⋅m�1⋅K�1

ZT ZTmax

per per per per per

par par par par par

Cermet
Bi2Te2.1Se0.9þ0.33 wt%
Co composite, with
TS ¼ 673 K

8.12 �127.2 1.47 0.42 0.80
15.65 �129.08 0.96 0.34 0.69

Reference Bi2Te2.1Se0.9
sample [23]

10.5 �147.0 1.51 0.46 0.68
27.0 �145.0 1.12 0.27 0.37
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whereas the total thermal conductivity increases.
Detailed analysis of SPS-temperature on features in the microstruc-

ture and the thermoelectric properties of n-type grained Bi1.9Gd0.1Te3
compound was earlier reported in Ref. [21]. In this case, the TS-effect on
the thermoelectric properties was attributed to change in the texturing
degree, grains growth and forming Te-vacancies. However, in the cermet
Bi2Te2.1Se0.9þ0.33 wt% Co composite, an additional mechanism of the
TS-effect on the thermoelectric properties, which is due to change in
internal structure of the filler Co@CoTe2 inclusions, should be taken into
account. As was mentioned above, the DC/DIN ratio can be introduced to
characterize the TS-effect on the internal structure of these inclusions
(Fig. 5). The thermoelectric properties shown in left panel of Fig. 8, but
replotted as the DC/DIN-dependences, are presented in right panel of
Fig. 8. In contrast to the TS-dependences, with increasing DC/DIN, the
specific electrical resistivity and the Seebeck coefficient increase,
whereas the total thermal conductivity decreases. It is important to note
that decreasing DC/DIN corresponds to reducing in fraction of the metal
Col core in the filler Co@CoTe2 inclusion. The DC/DIN-behavior of ρ, S
and k can be attributed to increasing the electrons concentration, n, with
increasing TS. Firstly, it is known [43] that the specific electrical re-
sistivity of the donor semiconductors can be expressed as

ρ¼ 1
eμn

; (4)

where e is the charge of electron, and μ is the electron mobility.
Secondly, the Seebeck coefficient of the degenerate semiconductors

can be expressed as [14].

S¼ 2k2BTm
*

3eℏ2

� π
3n

�2=3
; (5)

where m* is the density-of-states effective mass of electrons.
Finally, it is known [43] that the lattice (or phonon) thermal con-

ductivity and the electronic thermal conductivity are main contributions
into the total thermal conductivity. The electronic thermal conductivity
is related to the specific electrical resistivity through the
Wiedemann-Franz law

ke ¼L
ρ
¼ LenμT ; (6)

where L is a constant called as the Lorenz number.
Therefore, in accordance with expressions (4), (5) and (6), with

decreasing n, the specific electrical resistivity and the Seebeck coefficient
will be increasing, whereas the total thermal conductivity will be
decreasing. It is known [44] that Co dopant can act as donor impurity
that increases the electron concentrations in Bi2Te3-based compounds.
Hence, in the cermet Bi2Te2.1Se0.9þ0.33 wt% Co composite, the initial Co
inclusions or the Co cores can be also considered as donor sources. Under
Co diffusion from these donor sources, besides forming the Co@CoTe2
inclusions, the Co doping of the Bi2Te2.1Se0.9 matrix will take place, too.
This doping will result in increasing n. With increasing TS, the fraction of
the Co core reduces (Fig. 5). Then, one can conclude that the Co doping is
more heavily and effective. Since this doping is related to local Co
sources, it itself will be local and gradient. As result, with increasing TS
(and relevant decreasing DC/DIN), the electron concentration due to the
local Co doping will be gradually increasing, affecting the thermoelectric
properties in the manner that corresponds to Fig. 8.

Finally, the ρ(TS), S(TS) and k(TS) dependences measured for both
orientations were used to calculate the thermoelectric figure-of-merit,
ZT, of the cermet Bi2Te2.1Se0.9þ0.33 wt% Co composite (Fig. 9). The
thermoelectric figure-of-merit is calculated as ZT ¼ TS2/ρk (T is the ab-
solute temperature) [45]. The room temperature ZT versus TS de-
pendences taken for the parallel and perpendicular measuring
orientations are presented by curves 1 and 2, respectively. The ZT values
are low enough and the TS-effect on ZT is weak. For the Bi2Te3-based
7

compounds the highest ZT values are usually observed at high temper-
atures (450–550 K) [13,14,21]. Curves 10 and 2’ correspond to the
highest ZTmax values of the composite being studied measured for the
parallel and perpendicular measuring orientations, respectively. The
highest value of the thermoelectric figure-of-merit equal to ~0.8 is found
for the perpendicular measuring orientation for the composite,
SPS-treated at 673 K. It is interesting to compare the thermoelectric
properties of the cermet Bi2Te2.1Se0.9þ0.33 wt% Co composite,
SPS-treated at 673 K, and Bi2Te2.1Se0.9 compound, also prepared by spark
plasma sintering [23]. The Bi2Te2.1Se0.9 compound can be considered as
reference sample. The ρ, S, k and ZT values, taken at room temperature,
and the highest ZTmax values, taken for both measuring orientations, for
the cermet Bi2Te2.1Se0.9þ0.33 wt% Co composite and the reference
Bi2Te2.1Se0.9 sample are listed in Table 1.

To achieve high ZT values, an effective thermoelectric material must
simultaneously have the specific electrical resistivity and the low thermal
conductivity, and the high Seebeck coefficient. In accordance with data
presented in Table 1, the ρ and k values of the cermet
Bi2Te2.1Se0.9þ0.33 wt% Co composite are lower as compared to that for
the reference Bi2Te2.1Se0.9 sample. As result, the highest thermoelectric
figure-of-merit of the cermet Bi2Te2.1Se0.9þ0.33 wt% Co composite is
higher than value ZT � 0.7, reported for the Bi2Te2.1Se0.9 compound.
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4. Conclusion

Thus, the cermet Bi2Te2.1Se0.9þ0.33 wt % Co composite has been for
the first time prepared by SPS-treatment of relevant amounts of the
starting Bi2Te2.1Se0.9 and Co powders. Effect of SPS-temperature on
features in the microstructure (internal structure of the filler Co@CoTe2
inclusions and the texturing degree of the grained Bi2Te2.1Se0.9 matrix)
and the thermoelectric properties was found and analyzed. Forming the
“core-shell” inclusions can be applied as an additional freedom degree
that will allow tuning different thermoelectric properties of the cermet
composites in the desired manner.
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