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Abstract—For the first time, thermoelectric nanocomposites consisting of a BiSbTe, ;Se; s medium-entropy
alloy (nanocomposite matrix) and “Taunit-M”, CNT carbon nanotubes (nanocomposite filler)are obtained.
All BiSbTe, sSe; s + xCNT nanocomposites with different filler contents (x = 0, 0.05, 0.1, 0.5, 1.0, 1.5, and
2.0 wt %), obtained by spark plasma sintering of the initial powders of the matrix material and filler, consist
of micron-sized filler inclusions formed from clusters of nanotubes. The inclusions themselves are randomly
distributed within the polycrystalline matrix. In the temperature range of 290—500 K, the transport properties
(electrical resistivity and total thermal conductivity, including the electronic and phonon contributions, as
well as the contribution of bipolar thermal conductivity) of the nanocomposites with various filler contents
are studied. It is established that the introduction of CNTs into the matrix leads to a qualitative change in the
type of electrical conductivity from “metallic” (electrical resistance increases with temperature), character-
istic of the nanocomposite matrix, to “semiconductor” (resistance decreases with temperature), characteris-
tic of nanocomposites. The observed “semiconductor” behavior of the electrical conductivity is characteristic
of electrically inhomogeneous systems, in which current transfer is determined by the movement of electrons
through the interfaces between the inhomogeneities. For all nanocomposites with different filler contents, the
temperature dependences of the total thermal conductivity are qualitatively similar. At low temperatures, they
are determined by the phonon contribution; at high temperatures, by the bipolar-thermal-conductivity con-
tribution; the electronic contribution manifests itself at all temperatures, but it gradually decreases with
increasing x. The minimum thermal conductivity is observed for the nanocomposite with x = 0.5 at % CNT.

DOI: 10.1134/52635167622030077

INTRODUCTION

Carbon nanotubes (CNT) are an important class of
carbon nanomaterials. The thermoelectric properties
of CNTs are rather moderate (according to the data of
review [ 1], the thermoelectric figure of merit of CNTs,
depending on their type and production method, var-
ies from 0.0017 to 0.12, i.e., is very low), which is
mainly due to their high thermal conductivity and low
Seebeck coefficient. Thus, in thin films consisting of
single-walled CNTs, the values of the total thermal
conductivity and Seebeck coefficient measured at
room temperature are ~9.8 WV/K and ~38 W/m K,
respectively. Due to the low thermoelectric figure of
merit, CNTs are not currently considered as an indi-
vidual thermoelectric material that can find commer-
cial use. Nevertheless, CNTs are widely used in the
creation of thermoelectric nanocomposites. In such
nanocomposites, CNTs are a filler that can signifi-
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cantly improve some thermoelectric properties of the
nanocomposite matrix through the following mecha-
nisms:

(i) scattering of electrons and phonons at inhomo-
geneities, which affects both the electrical and thermal
conductivity of the composite;

(ii) the effect of energy filtering of electrons during
their tunneling through inhomogeneous matrix/filler
interfaces, leading to an increase in the Seebeck coef-
ficient.

It follows from the analysis of published data that
the following compounds were used as a matrix in the
creation of thermoelectric nanocomposites: Bi,(Se, Te),
[2], Bi,Te; [3], Biy4Sb,(Te; [4], MgAgSb [5], Cu,S
[6], Nip osMo;Sbs 4 Te, ¢ [7], Ceg 14Lag osCo,Fe,Sby, [8].

The overall effect of introducing CNTs into all
thermoelectric matrices listed above is a significant
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decrease in their thermal conductivity, which leads to
a corresponding increase in the thermoelectric figure
of merit. For example, the minimum value of the lat-
tice thermal conductivity of the Bi,Te; matrix when
single-walled CNTs are introduced into it with a con-
centration of 0.5 vol % decreases from ~1 to
~0.25 W/m K [3]. This fact indicates that the CNT
filler forms effective scattering centers for phonons.
Improvement in the properties of thermoelectric
nanocomposites is largely determined by correct
choice of the matrix. In addition to the materials listed
above, used as a matrix of thermoelectric nanocom-
posites, other materials are promising for use as matri-
ces, in particular high- and medium-entropy alloys.
The development of such alloys is a new strategy in
materials science aimed at improving the thermoelec-
tric figure of merit of materials [9—11]. High-entropy
alloys usually include solid solutions consisting of at
least five different elements with a molar ratio of 5—
35% each. They tend to occupy the same site in the
crystal lattice, which, accordingly, ensures the maxi-
mum entropy of mixing (in medium-entropy alloys,
the number of different elements is 3 or 4). In high-
and medium-entropy thermoelectric materials, the
lattice thermal conductivity can be greatly reduced
due to crystal-lattice distortions.

The purpose of this work is to obtain nanocompos-
ites based on a matrix from a medium-entropy alloy
BiSbTe, sSe, s and filler from CNTs and the study of
the features of their transport (electrical resistivity and
total thermal conductivity) properties.

EXPERIMENTAL

In carrying out the work, BiSbTe,sSe;s + xCNT
nanocomposites were obtained with a different con-
tent of CNTs (x =0, 0.05, 0.1, 0.5, 1.5, and 2.0 wt %).
When obtaining nanocomposites, we used the initial
BiSbTe, sSe, s and CNTs powders, taken in the corre-
sponding required x ratio. For synthesis of the
BiSbTe, sSe, s compound, we used the method of self-
propagating high-temperature synthesis (SHS) [14].
Chemically pure Bi, Sb, Se, and Te powders, taken in
a stoichiometric ratio, were thoroughly mixed in a
vibratory mill for 1.5 h, after which cylinders ~18 mm
in diameter and ~25 mm in height were compacted
from the resulting mixture using cold uniaxial press-
ing. The cylinders (4 pieces) were loaded into a quartz
tube, # evacuated with a fore-vacuum pump (to pre-
vent oxidation during SHS) and heated with a propane
burner, which made it possible to provide rapid and
local heating of the tube to ~1300°C. After the SHS
process was initiated by such heating, the burner was
turned off. The SHS process was fully completed
within ~5 s, after which the tube was cooled to room
temperature. To obtain a homogeneous initial
BiSbTe, sSe, s powder, the resulting cakes were ground
in a vibratory mill for 1.5 h.
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Carbon nanotubes “Taunit-M”, which are filamen-
tous formations of polycrystalline graphite of cylindrical
shape with an internal channel, were obtained by chemi-
cal vapor deposition by the pyrolysis of a propane-butane
mixture on a Co-Mo/Al,0;/Mg,0; catalyst. The cata-
lyst was sputtered onto a substrate disk 1 m in diame-
ter. The disk with the catalyst was placed in the reactor,
the reactor was sealed, after which oxygen was dis-
placed from it by supplying argon to the reaction
space. Simultaneously with the supply of argon, heat-
ing was turned on. When the temperature in the reac-
tion zone reached 650°C and oxygen was completely
displaced, the argon supply was stopped and a pro-
pane-butane mixture was fed into the reaction zone.
The synthesis time was 1 h, after which the supply of
the propane-butane mixture was stopped, the heating
was turned off, and the supply of argon to the reaction
zone was started. After the reactor cooled down to a
temperature of less than 60°C, the reactor was opened
and the disk-substrate with CNTs was removed.

To obtain BiSbTe, sSe, s + xCNT nanocomposites
with various x, initial BiSbTe, ;Se; s and CNTs pow-
ders were mixed in a ball mill with agate balls 10 mm
in diameter for 30 min, then the resulting mixture of
powders was subjected to spark plasma sintering
(SPS-25/10 system) at a pressure of 40 MPa and a
temperature of 673 K for 15 min. As a result of sinter-
ing, cylinders with a diameter of 20 mm and a height
of 15 mm were obtained. To study the thermoelectric
properties of BiSbTe, ;Se, ;s + xCNT nanocomposites,
samples were cut from cylinders in the form of rectan-
gular bars with dimensions of 2 X 2 X 10 mm and in
the form of a disc with a diameter of 10 mm and height
of 2 mm.

To study the features of the crystal structure, phase
and elemental composition, and microstructure of the
developed nanocomposites, we used X-ray phase
analysis (Rigaku SmartLab X-ray powder diffractom-
eter) and scanning electron microscopy (SEM)
(Quanta 600F microscope), including using the elec-
tron backscatter diffraction (EBSD) method and
energy dispersive X-ray spectroscopy (EDX). A ZEM-3
setup was used to measure the electrical resistivity p by
the four-probe method and the Seebeck coefficient .S
by the differential method on samples in the form of
bars. The full thermal conductivity £ was measured on
disc-shaped samples by the laser-flash method on a
TC-1200H setup. The quantities p, S and k£ were used
to calculate the thermoelectric figure of merit Z7T
according to the loffe formula ZT = S?T/kp, where
T is the absolute temperature.

RESULTS AND DISCUSSION

The X-ray diffraction pattern of the initial
BiSbIe, sSe; s powder, which is the matrix of the
developed nanocomposites, is shown in Fig. 1. The
powder is single-phase with a hexagonal crystal struc-
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Fig. 1. X-ray diffraction pattern of BiSbTe; 5Se; 5 powder
used as a matrix in preparing the BiSbIe| sSe| 5 + xCNT

nanocomposite.

ture (space Group R3m) and the unit-cell parameters
a=b=4.182,c=29.752 A.

The CNTs used as nanocomposite fillers were
cylindrical filaments several microns long and ~50 nm
thick; in the powder, according to scanning-electron-
microscopy data (Fig. 2), they were mainly repre-
sented as clusters of a large number of intertwining
nanotubes.

The formation of the “matrix-filler” microstruc-
ture characteristic of composites in BiSbIe, sSe,s +
xCNT nanocomposites was confirmed by EBSD anal-
ysis-images obtained from their polished surfaces. As
an example, such an image for a nanocomposite with
x = 0.5 wt % CNTs is shown in Fig. 3, where filler
inclusions are visible as black areas randomly distrib-
uted in a light-gray matrix. The typical size of the
inclusions was several microns, and the maximum size
did not exceed ~10 um. An EBSD image of one of the
CNT inclusions for the same nanocomposite is shown
in the inset to Fig. 3. An inclusion ~10 um in size has
an irregular shape and a pronounced internal struc-
ture. To determine the features of the microstructure
of the matrix and the inclusion of the filler of the
nanocomposites, SEM images of the cleavage of their
surface were obtained. In Fig. 4a, one of the CNT
inclusions embedded in the BiSbTe, sSe, s matrix, is
given for the nanocomposite with x = 0.5 wt % CNTs.
It can be seen that the matrix is polycrystalline with
randomly oriented lamellar grains of micron size. In
turn, the filler inclusion consists of CNT clusters
(Fig. 4b). Thus, in contrast to the previously studied
thermoelectric nanocomposites with CNTs, in which
nanotubes were uniformly distributed in the matrix
volume, in the nanocomposites under study, nano-
Vol. 17
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Fig. 2. SEM image of CNTs used as a filler in the prepara-
tion of BiSbTe, 5Se; 5 + xCNT nanocomposite.

tubes form separate inclusions with pronounced
boundaries and consist of a large number of nano-
tubes, i.e., there is a significantly inhomogeneous dis-
tribution of CNTs in the BiSbTe, sSe; s matrix

To determine the exact elemental composition of
both the inclusions themselves and the matrix material
using the EDX method, we studied the distribution of
Bi, Te, Sb, Se, and C along the line crossing one of the
inclusions, the EBSD image of which is shown in
Fig. 5a. By means of analysis of the element scanning
profiles, it was found that the matrix corresponds only
to the BiSble,sSe,;s compound, i.e., no carbon is
observed in the matrix. However, in the inclusions, in
addition to carbon corresponding to the nanotubes, Te
is observed; during sintering, Te penetrates into the

Fig. 3. EBSD image of the polished surface of the nano-
composite BiSbTe; sSe; 5 + 0.5-wt % CNT. The inset

shows a typical EBSD image of a single CNT inclusion.
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Fig. 4. SEM image of the cleavage surface of a
BiSbTe, 5S¢, 5 + 0.5-wt % CNT nanocomposite (a) and

internal structure of a CNT inclusion (b).

inclusions. This may be due to the high temperature
evaporation of Te, which is characteristic of com-
pounds based on bismuth telluride [12]. In polycrys-
talline compounds, such evaporation proceeds pre-
dominantly along the grain boundaries. In nanocom-
posites, apparently, Te can rapidly evaporate along the
matrix/filler interfaces, which leads to its incorpora-
tion into the filler volume.

The temperature dependences of the transport
properties (electrical resistivity and total thermal con-
ductivity) of nanocomposites with different filler con-
tents, taken in the heating mode in the range from 290
to 500 K, are shown in Figs. 6 and 7, respectively.
These dependences are qualitatively similar to the cor-
responding dependences observed in compounds
based on bismuth telluride [13—16]. The introduction
of CNTs has the greatest effect on the electrical resis-
tivity (Fig. 6). For the pure BiSbTe, ;Se, s compound,
the dependence p(7) has a “metallic” character, i.e.,
the resistance increases with increasing temperature.
This behavior is usually associated with a decrease in
the mobility of electrons due to their scattering at
acoustic and optical phonons [17]. However, for all
BiSbTe, sSe, s + xXCNT nanocomposites the character

NANOBIOTECHNOLOGY REPORTS
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Fig. 5. EBSD image of a CNT inclusion in a BiSbIe, 5Se; 5 +
0.5-wt % CNT nanocomposite (a); scan profiles of Bi, Sb,
Te, Se, and C taken along a line crossing the inclusion (b).

of the dependence p(7) changes from “metallic” to
“semiconductor”, in which the resistance drops with
increasing temperature. As a rule, in semiconductors,
such a dependence is due to the thermal generation of
current carriers either from the valence band to the
conduction band, or from the donor (acceptor) level to
the conduction band (valence band). In this case, it is
necessary to assume that in nanocomposites the
matrix material is alloyed with carbon during high-
temperature sintering. But such a phenomenon was
not observed on composites synthesized earlier
from a thermoelectric matrix with a CNT filler. In
addition, the study of the elemental composition
did not reveal the presence of carbon in the matrix.
Another mechanism of “semiconductor” behavior
p(7) in BiSbTe, sSe, s + xCNT nanocomposites can be
associated with the features of their microstructure.
Vol. 17

No.3 2022



FEATURES OF THE TRANSPORT PROPERTIES

—o—x=0wt % CNT
—0—0.05
—m—0.10
—o—0.50
—A—1.00
—A—1.50
—%—2.00

64

s6- N

£ Sx
= \KK *
a ] A\Kﬁi A
48 Tg ‘\ﬁiﬁ\
\CI —
\I:l\
O0—_
o
o ~o——op—a0o
- E—
40 l\.\-\.‘._ -
o—@=—0—8— I:g:ozé:‘glﬁ
300 400 500
T, K

Fig. 6. Temperature dependences of the electrical resistiv-
ity of the BiSbTe sSe; 5 + xCNT nanocomposite with dif-

ferent filler content.

Such nanocomposites are structurally inhomoge-
neous and consist of a matrix with filler inclusions
(Figs. 3, 4). In structurally inhomogeneous solids, in
which the development of structural inhomogeneity
leads to the appearance of corresponding electrical
inhomogeneity, the electrical resistance can decrease
with increasing temperature, mimicking the true
“semiconductor” behavior. In this case, current trans-
fer will be determined by the movement of electrons
through the interfaces between inhomogeneities in an
inhomogeneous material. Such motion can be associ-
ated with electron tunneling through potential barriers
associated with these boundaries [ 18—20]. As the tem-
perature rises, the probability of overcoming the
potential barrier by an electron increases, which leads
to a decrease in the electrical resistance. In the studied
BiSbTe, sSe, s + xCNT nanocomposites, the interfaces
that electrons need to overcome correspond to the
matrix/inclusion interfaces, and the number of such
interfaces increases with increasing filler content.

The temperature dependences of the total thermal
conductivity k£ for all BiSbTe,sSe, s + xCNT nano-
composites have a minimum at ~400 K (Fig. 7a). The
appearance of this minimum is associated with a
change in the mechanism of thermal conductivity.
Below the minimum temperature, the main contribu-
tion to the total thermal conductivity is made by the
phonon thermal conductivity k,, at which heat transfer
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Fig. 7. Temperature dependences of the total (a), elec-
tronic (b), and phonon (c) thermal conductivity of the
BiSbTe; 5S¢ 5 + xCNT nanocomposite with different

filler content.

is predominantly carried out by phonons. Above the
minimum temperature, the main contribution to the
total thermal conductivity comes from the bipolar
thermal conductivity k,, at which heat transfer occurs
as a result of the combined diffusion of electrons and
holes from the heated section of the sample to the cold
one, where the recombination of electron-hole pairs

2022
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Fig. 8. Influence of the filler content in the BiSbTe; sSe; 5 +

xCNT nanocomposite on its electrical resistivity measured
at room temperature (a) and the minimum value of the

phonon thermal conductivity (b).

occurs with the emission of a phonon. Also, in all
dependences k(7) there is an electronic contribution
k(7). This contribution can be calculated using the
Wiedemann—Franz law [21]:

k,

e

LT
==, (D
Y
where L is the Lorentz number.

For the BiSble,;Se,s compound, the Lorentz
number was previously defined as 1.8 x 108 W Q K-2.
This number was used to calculate the electronic con-
tribution to the total thermal conductivity of the stud-
ied nanocomposites (Fig. 7b). All dependences k,(T)
behave similarly, i.e., k, increases almost linearly with
increasing temperature. The absolute values k, change

NANOBIOTECHNOLOGY REPORTS

inversely p, i.e., an increase in resistance with an
increase in CN'T concentration leads to a correspond-
ing decrease in the electronic contribution to thermal
conductivity. The phonon contributions to the total
thermal conductivity calculated as k,(7) = k(T) —
k,(T) are shown in Fig. 7c. In contrast to the electronic
contribution, the phonon contribution depends on the
content of CNTs in a more complex way. The mini-
mum k,(7) at a temperature of 7,,;;, = 430 K separates
the low-temperature phonon thermal conductivity
from the high-temperature bipolar thermal conductiv-
ity. Figure 8 shows the values of the minimum phonon
thermal conductivity £, ,;, at a temperature of 7, for
the BiSbTe, sSe,; s + xCNT nanocomposites as a func-
tion of x. The dependence k, ,,;,(x) has a minimum for
the nanocomposite with x = 0.5 wt % CNT. The
extreme dependence k, ,;,(X) can be associated with
the simultaneous action of at least two mechanisms of
influence of inclusions on the thermal conductivity of
the matrix. For nanocomposites with x < 0.5 wt % of
CNTs, the phonon thermal conductivity decreases
with increasing filler content, which is due to the fact
that the matrix—inclusion interfaces can effectively
scatter not only electrons and increase the electrical
resistance, but also phonons, which leads to a decrease
in the thermal conductivity. For nanocomposites with
x> 0.5wt % CNTs, the phonon thermal conductivity
already increases, which may be due to the fact that in
such nanocomposites the main contribution comes
from the thermal conductivity of the material of the
inclusions (their volume), rather than the matrix—
inclusion interfaces. As noted above, the thermal con-
ductivity of CNTs is high; therefore, the thermal con-
ductivity of nanocomposites, in which the volume of
inclusions with high thermal conductivity is rather
large, will increase. In other words, at low filler con-
centrations, the phonon thermal conductivity of
BiSbTe, sSe, s + xCNT nanocomposites will be deter-
mined by phonon scattering at the matrix—inclusion
interfaces, and at high filler concentrations, by pho-
non thermal conductivity of the inclusion material.
Figure 8 also shows the dependence py(x) (p, is the
electrical-resistivity value measured at room tempera-
ture). As opposed to dependence K, y,n(X), Py keeps
growing with increasing x. This behavior is due to an
increase in the number of matrix—inclusion interfaces
with an increase in the filler content in nanocompos-
ites. Thus, the effect of the CNT content on the elec-
trical resistivity and thermal conductivity of
BiSbTe, sSe, s + xCNT nanocomposites turns out to
be different. The obtained results suggest that the
transport properties of nanocomposites can be opti-
mized by choosing the correct filler concentration and
filler-inclusion size, which will increase the thermo-
electric figure of merit of nanocomposites.
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CONCLUSIONS

BiSble,sSe; s + xCNT nanocomposites were
obtained for the first time with different x = 0, 0.05,
0.1, 0.5, 1.0, 1.5, and 2.0 wt %, consisting of the
medium-entropy alloy BiSbTe, sSe, ;5 (polycrystalline
matrix of the nanocomposite) and filler inclusions
consisting of CNT clusters. Micron-size inclusions
are randomly distributed inside the polycrystalline
matrix. In the temperature range of 290—500 K, the
features of their transport properties (electrical resis-
tivity and total thermal conductivity) were studied. In
contrast to the “metallic” behavior of the electrical
conductivity of the BiSbTe, sSe, s matrix all nanocom-
posites exhibit “semiconductor” behavior. This may
be due to the formation of matrix—inclusion inter-
faces, which electrons overcome during current trans-
fer. The total thermal conductivity of nanocomposites
depends in a complex way on the filler content. The
phonon contribution to the thermal conductivity is
minimal for the nanocomposite with 0.5 wt % CNT.
Depending on the content of the filler, the phonon
contribution can be determined either by the scatter-
ing of phonons at the matrix—inclusion interfaces,
which leads to a decrease in the thermal conductivity,
or by the high thermal conductivity of the CNTs of the
inclusions themselves, which leads to an increase in
the thermal conductivity.
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