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The way a material is synthesized and processed has an immense effect on its
microstructure, which in turn has a big impact on its transport properties. Here, we
compare the thermoelectric (TE) properties of n- and p-type Bi2−xSbxTe3 (x: 0 and 1.5)
materials synthesized through two different routes, specifically mechanochemical alloying
(MA)—as a solid-state synthesis route—and microwave(MW)-assisted polyol
synthesis—as a solution synthesis route. Reaction time is significantly reduced in the
MW synthesis, leading to significantly lower energy consumption (i.e., higher energy
efficiency) per batch than using the MA route. The resultant materials are compared
for their crystallinity, phase purity, morphology, andmicrostructure. Spark plasma sintering
was used to prepare pellets, and the resultant consolidates were evaluated for their
transport properties. TE properties and microstructure of the specimens were investigated
in relation to processing conditions and composition. MA samples formed fused structures
(from 200 nm to several micrometers in size) composed of smaller particles. MW-
synthesized materials exhibited hexagonal platelet morphology, high crystallinity, and
phase purity. They also showed lower thermal conductivity, leading to a higher
resultant TE figure-of-merit ZT. TE properties of Bi2−xSbxTe3 samples were studied on
sintered cylindrical pellet samples, where the highest ZT values achieved were 1.04 (at
440 K) for MW-Bi2Te3 and 0.76 (at 523 K) for MW-Bi0.5Sb1.5Te3 samples, while MA-Bi2Te3
andMA-Bi0.5Sb1.5Te3 samples showedmaximum ZT values of 0.74 (at 460 K) and 0.27 (at
300 K), respectively, as n- and p-type TE materials. The observed trend is much higher ZT
values for MW samples, ascribed to their higher degree of texturing and nanostructured
grains reducing the thermal conductivity, thus achieving a better overall performance,
verifying the prospect to enhance ZT using MW-assisted solution synthesis approach.
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INTRODUCTION

Thermoelectric (TE) materials are capable of directly
interconverting heat energy and electrical power. The
dimensionless TE figure of merit is a measure of goodness of
the materials for TE conversion, which is defined by the following
relationship: ZT � (S2σT)/κ, where S is the Seebeck coefficient
(voltage generated within the material under a temperature
gradient), σ is the electrical conductivity, T is the absolute
temperature (in K), and κ is the total thermal conductivity
[κtot, defined as the sum of electronic (κel) and lattice
components (κlat)] (Rowe, 2018; Snyder et al., 2010). An ideal
TE material is anticipated to have a high power factor (S2σ)
accompanied with a lower thermal conductivity (κtot). Based on
the temperature range of operation, TE materials can be divided
into three classes as ambient, mid-, and high-T materials, where
the materials’ bandgap and stability determine the viability of a
particular composition as a TE material (Snyder et al., 2010).
Bismuth telluride (Bi2Te3) and its alloys (Bi2−xSbx2SeyTe3−y) are
presently the most promising bulk TE materials, in the ambient
temperature region, due to their high TE figure of merit, ZT
(Boyer and Cissé, 1992). Low-dimensional materials have been
suggested to possess higher TE performance than their bulk
counterparts through theoretical analysis and experimental
explorations (Dresselhaus et al., 1999; Hicks and Dresselhaus,
1993a; Hicks and Dresselhaus, 1993b). Two physical phenomena
underlie the benefit of using nano-sized objects. The first one is
the particularities of the electronic structure, which may cause a
decrease in the electrical conductivity but at the same time lead to
a substantial increase in thermopower; as a result, the power
factor (S2σ) of nano-sized TEs can be higher than that of their
bulk counterparts. Nanostructuring leads to widening of the
bandgap with the simultaneous increase in the density of
states near the Fermi level. The second phenomenon is the
presence of a large number of interfaces (grain boundaries),
which may effectively scatter phonons (κlat) while exerting a
minimal effect on the transport of charge carriers (σ), mainly
due to the very small size of constituent nano-sized building
blocks (Shevelkov, 2008).

Nanomaterials can be synthesized using a diverse set of
methodologies, with each method having its limitations and
strengths, resulting in materials with the same composition
and yet significantly different microstructure. Solid-state
transport is shown to be influenced by the microstructure of
the resultant materials (Hu et al., 2015; Hu et al., 2018; Bao et al.,
2020). A review on the synthesis of nanostructured Bi2Te3 has
been reported elsewhere, detailing various synthetic
methodologies and resultant particle morphologies (Mamur
et al., 2018). Bi2Te3 is commonly synthesized by using powder
metallurgy route, through fusion of elemental bismuth (Bi) and
tellurium (Te) metals forming an ingot (Madavali et al., 2016), or
viamechanochemical synthesis, also known as mechanochemical
alloying (MA) (Jang et al., 2018; Liu and Park, 2002). MA is a
useful technique for producing both micro- and nanocomposites
(Aktas and Diler, 2018). In this method, there are three repeated
steps following each other: deformation, cold welding, and
fracture. During the milling process, whenever balls collide

with each other, some of the powders are trapped in between
them. This collision gives energy to the system so that the
particles transform physically; in other words, they deform
elastically and plastically. Solid-state reactions, normally
requiring high temperatures, will occur at much lower
temperatures during MA, without needing any external heat.
The high defect density induced by intensive milling favors the
diffusion process. Particle microstructure refinement, and
consequently the reduction in diffusion distances, can
significantly reduce the reaction temperatures. Further
mechanical treatment can further reduce particle size, enabling
the formation of nano-sized powders (Stojanovic et al., 2005).
Because of its applicability to essentially synthesize a diverse set of
materials, low-cost instrument, and simplicity, MA has become a
popular method to synthesize nanocrystalline materials. High-
performance nanocomposites have also been prepared using this
method for structural and other types of applications (Zakeri
et al., 2012). The main advantage of the MAmethod often quoted
is the possibility for easy scaling up of materials for a variety of
applications. However, certain disadvantages usually cited were
found to be contamination from milling media and/or
atmosphere; difficulty in controlling the local temperature/
energy during the milling, which causes nonuniform and
nonhomogeneous composition including defects and
dislocations; and consolidation of powder products without
coarsening the nanocrystalline microstructure (Prasad et al.,
2018).

Solution chemical synthetic methods may be advantageous for
the synthesis of TE materials on a large scale if time- and energy-
effective scalable synthetic methods with high reproducibility can
be developed. Bi2Te3 nanostructures have been reported using
solution chemical routes, including solvothermal (Zhang et al.,
2015) or hydrothermal, polyol (Li et al., 2010), chemical alloying
(Saleemi et al., 2012), and electrochemical (Prieto et al., 2001; Li
et al., 2006) methods. Various morphologies including
nanoparticles (Cao et al., 2008; Jiang and Zhu, 2007),
nanosheets (Shi et al., 2008; Li et al., 2010), films (Li et al.,
2006), nanowires (Yu et al., 2004), hollow nanospheres (Li et al.,
2006), and nanorods/nanotubes (Prieto et al., 2001, Zhao et al.,
2005; Xiao et al., 2007; Li et al., 2009) have been reported.
Microwave (MW)-assisted heating has been demonstrated to
be practical for the synthesis of binary and ternary TE
nanomaterial compositions directly in the solution phase
(Kumar et al., 2020; Hamawandi et al., 2020a; Hamawandi
et al., 2020b), without needing further processing. Reactions
that have lasted several hours to days have been realized in a
fraction of the time using MW-assisted heating. There are scarce
reports on the use of MW-assisted methods for the synthesis of
Bi2Te3 (Harpeness and Gedanken, 2003; Zhou et al., 2006; Jiang
and Zhu, 2007; Yao et al., 2009; Zhou and Zhu, 2009; Pradhan
et al., 2017), with various particle morphologies including hollow
spheres, nanosaws, and nanosheets (Jiang and Zhu, 2007). MW
irradiation dramatically reduces the energy needed for the
synthesis process. Moreover, time is a major issue in
chemistry or materials science, due to time-consuming
numerous trial-and-error experiments. Time- and energy-
efficient synthetic routes are highly sought for in the field of
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chemistry/materials science, where a large number of
experiments can be conducted within a restricted period of
time with reasonable energy consumption (Nüchter et al.,
2004). MW reaction time can be shortened to a fraction of
conventional synthetic routes, due to special dielectric heating
(Anastas and Lankey, 2002). Among the most significant
achievements, our recent work demonstrating a scalable MW-
assisted synthesis (2 min reaction time) of a series of Bi2−xSbxTe3
compounds with moderate to high ZT (Hamawandi et al., 2020b)
can be listed.

The correlation between the microstructure and final
properties of the TE materials has been a topic of intensive
research. It is a known fact that the attributes of the building
blocks, as well as the adapted consolidation processes, are the
major parameters influencing the final microstructure of the
material. It is therefore important to further optimize the
materials’ properties by various synthesis and processing routes
to understand in detail the materials’ microstructure–property
relationships. Here, we present a comparative work on the
synthesis of Bi2−xSbxTe3 using MA and MW-assisted synthesis
routes; the product’s crystallinity, the resultant microstructure,
their consolidation, and the resultant electronic/thermal transport
properties were investigated. Results show a significantly better
performance of nanostructured MW-Bi2−xSbxTe3 samples.

MATERIALS AND METHODS

Synthesis and Processing of
Thermoelectric Materials by Solution
Chemical Method
The following chemicals were used for the synthesis reaction:
BiCl3 (Sigma Aldrich, 98%, Stockholm, Sweden), SbCl3 (Sigma
Aldrich, 99.95%, Stockholm, Sweden), Te powder (Sigma
Aldrich, 99.8%, Stockholm, Sweden), ethylene glycol (EG;
Sigma Aldrich, 99%), thioglycolic acid (TGA; Sigma Aldrich,
98%, Stockholm, Sweden), and trioctyl phosphine (TOP; Sigma
Aldrich, 90%, Stockholm, Sweden). All chemicals were used as
received, without further purification.

The synthesis was performed via MW-assisted thermolysis
according to the details and mechanism reported earlier
(Hamawandi et al., 2020a). Te precursor solution was
prepared as a complex with TOP. Bi (or Sb) precursor
solution was prepared by dissolving BiCl3 in EG. The
stoichiometry of ternary composition was tuned by replacing
the BiCl3 precursor with equivalent moles of SbCl3. The two
precursor solutions of Te–TOP complex and Bi/Sb-EG were
mixed, with the addition of an aliquot of TGA, and
transferred to a 100-ml Teflon vessel. The reaction was
performed in the MW reactor for 2 min dwell time at 220°C
under constant stirring, with a total MW exposure time of 6 min.
The product was then cooled down to room temperature. The as-
prepared Bi2−xSbxTe3 phases were phase-separated from the
solvent (EG). Particles were then washed with isopropanol and
acetone few times to clean residual chemicals. These samples are
designated as MW-Bi2−xSbxTe3, where the abbreviation MW
stands for “MW-assisted solution synthesis.”

Synthesis and Processing of
Thermoelectric Materials by
Mechanochemical Alloying
The Bi2−xSbxTe3 powders were prepared starting from
elemental Bi (Sigma Aldrich, 99% purity, Germany), Sb
(Sigma Aldrich, 99% purity, Germany), and Te (Sigma
Aldrich, 99.8% purity, Germany) powders. These metallic
powders exhibited a particle size distribution in the range
−150 µm (less than 150 µm) for Bi, −150 µm for Te, and
−150 µm for Sb. To make a batch required for stoichiometric
Bi2−xSbxTe3 composition, corresponding amounts of Bi, Te,
and Sb were weighed and loaded into steel jars together with
stainless steel milling balls measuring ∼8–13 mm in diameter.
Synthesis through MA was performed in argon atmosphere in a
planetary ball mill (PM 2400, Iran) that was operated at
rotation speed of discs with jars ∼300 rpm for the Bi2Te3
specimen for 4 h and for the Bi0.5Sb1.5Te3 specimen for 12 h.
The ball-to-powder weight ratio during milling was 15:1. The
samples are designated as MA-Bi2−xSbxTe3, where MA stands
for “mechanochemically alloyed.”

Consolidation via Spark Plasma Sintering
MA- and MW-synthesized TE materials were consolidated
using spark plasma sintering (SPS). The SPS parameters,
including heating rates, sintering temperature, pressure, and
holding time, along with the characteristics of the resultant
pellets are presented in detail in Table 1. The temperature was
set to 400°C, with a heating rate of 30°C/min. Pressure of
60 MPa was used for SPS to densify the final pellets (using a
die with an inner diameter of 12 mm). Finally, the pellet was
cooled from 400°C to room temperature, while the load was
decreased from 60 to 0 MPa. The resultant pellets were then
removed from the die for further processing and analysis.
Table 1 summarizes the SPS parameters and the resultant
density of obtained pellets.

Structural, Morphological, and
Microstructure Characterization
X-ray powder diffraction (XRPD) was used to study the
crystallinity, the crystalline phases present, and changes in
the structure as a function of processing (SPS sintering) using
the PANalytical X’Pert PRO Alpha-1 system, equipped with a
copper anode (Cu-Kα1 radiation). A step size of 0.24° and a
scan speed of 0.04°/s were used in the continuous scan mode.
The crystalline phases were identified by using Rietveld

TABLE 1 | SPS parameters and transport properties for MW- and MA-
Bi2−xSbxTe3 samples: sintering temperature (Tsint), holding time (thold),
sintering pressure (Psint), bulk density (dbulk), density of pellets by the Archimedes
method (dpellet), and packing density (ρ) in percentage of theoretical density.

Sample Tsint

(°C)
thold
(min)

Psint

(MPa)
dbulk

(g/cm3)
dpellet

(g/cm3)
ρ%

MW-Bi2Te3 400 1 50 7.86 6.13 78
MA-Bi2Te3 400 10 60 7.86 6.46 82
MW-Bi0.5Sb1.5Te3 400 1 50 6.878 5.36 78
MA-Bi0.5Sb1.5Te3 400 10 60 6.878 5.93 86

Frontiers in Materials | www.frontiersin.org September 2020 | Volume 7 | Article 5697233

Hamawandi et al. Bi2−xSbxTe3 Through Mechanochemical vs. Microwave-Assisted Route

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


refinement through MATCH! software. Scanning electron
microscopy (SEM; FEI Nova 200 and FE-SEM, TESCAN-
BRNO-Mira3 LMU) was used for the investigation of
microstructure and morphology of the materials at
different process steps.

Transport Property Evaluation
The simultaneous measurements of Seebeck coefficient (S) and
the electrical conductivity (σ) were performed using an
ULVAC-RIKO ZEM3 system (typical error ±%4) on the
pellets obtained after the SPS process. The total thermal
conductivity κtot (typical error ±%6) was calculated using the

specific heat capacity Cp, thermal diffusivity (α), and density (ρ),
through the equation κtot � Cp · α · ρ. The density of the samples
could be obtained from the Archimedes method; a laser flash
analysis system (LFA 1000, Linseis) was used to measure α of
disk-shaped samples with nominal dimensions of 2 mm
thickness and 12.6 mm diameter. Differential scanning
calorimetry (DSC, PT1000, Linseis) was used to measure the
specific heat capacity Cp. The thermal range used during the
tests ranged from 298 to 523 K, and with all the properties
known, the TE figure of merit, ZT (typical error ±%8), was
estimated. Transport properties of evaluated samples at
selected temperatures are summarized in Table 2.

TABLE 2 | Transport properties for MW- and MA-Bi2−xSbxTe3 samples: total thermal conductivity (κtot), Seebeck coefficient (S), electrical conductivity (σ), power factor (PF),
and TE figure of merit (ZT) at given temperature (T) values. The rightmost column specifies the carrier type.

Sample T (K) κtot (W/m K) S (µV/K) σ (S/m) PF (µWK2/cm) ZT Carrier type

MW-Bi2Te3 300 0.948 −125 106,356 20.35 0.52 N
440 0.876 −160 80,018 16.52 1.04

MA-Bi2Te3 300 1.527 −120 122,000 1.76 0.34 N
460 1.032 −148 75,000 1.65 0.74

MW-Bi0.5Sb1.5Te3 300 0.856 105 40,077 6.81 0.15 p
523 0.466 157 27,504 4.41 0.76

MA-Bi0.5Sb1.5Te3 300 1.742 302 16,700 15.7 0.27 p
502 1.247 160 18,400 4.72 0.19

FIGURE 1 | X-ray powder diffraction patterns of as-synthesized and spark plasma sintering (SPS) sintered samples for (A)mechanochemical alloying (MA)-Bi2Te3,
(B) microwave-assisted (MW)-Bi2Te3, (C) MA-Bi0.5Sb1.5Te3, and (D) MW-Bi0.5Sb1.5Te3. The crystalline phases are indexed to Bi2Te3 (ICDD: 00-015-0863) and
Bi0.5Sb1.5Te3 (ICDD: 00-049-1713) with rhombohedral crystal structure.
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RESULTS AND DISCUSSION

Structural Analysis
Structural analysis of synthesized materials was performed using
XRPD, and the diffraction patterns for as-made and SPS sintered
materials prepared by MA and MW routes are presented in
Figure 1. As for the sintered samples, XRPD was performed on
the pellets’ surface perpendicular to the sintering direction. The
crystalline phases are indexed to Bi2Te3 (ICDD: 00-015-0863)
and Bi0.5Sb1.5Te3 (ICDD: 00-049-1713) with rhombohedral
crystal structure, and the corresponding indexing of peaks
with relevant Miller indices is designated on the diffraction
patterns in Figures 1A–D. The samples showed a high phase
purity. Only in the case of the MA-Bi2Te3 sample a diffraction
peak at 32° was observed, which is attributed to Te. This peak was
not observed in the case of as-milled powder, and its appearance
in the SPS processed sample could be due to its evaporation and
recrystallization at the pellet surface during the sintering process.
The width of the diffraction peaks with the same index is wider
for as-made MA samples, which can be ascribed to nonuniform
strain within the materials that is generally observed in
mechanochemical alloyed samples. During MA, grains in the
particle aggregate plastically deformed, possessing a state of
uniform tension or compression. The residual strain remaining
in the powder after mechanical milling leads to a parallel shift,
while the nonuniform strain will lead to broadening of the
diffraction peaks (Schaffer and McCormick, 1992). Strain and
the crystallite size were calculated for all samples using the
Williamson–Hall approach (Mote et al., 2012; Khachotourian
et al., 2016; Lim and Quah, 2020), details of which and the results
obtained are summarized in Supplementary Table S1. MA
samples generally show a higher strain for the same sample
composition synthesized through the MW route. Upon SPS
sintering, the diffraction peaks display a lower peak width,
revealing a higher level of ordering and reduced strain for
both the MA and MW samples due to the highly energetic
consolidation process.

Bi-Sb-Te compounds have a layered crystal structure with
anisotropic transport properties. The degree of orientation of
these layers/planes determines the texture fraction that plays a
major role on the electronic and thermal transport properties.
Texture fraction can be interpreted from the peak intensity level
of (0 0 L) planes, as reported earlier (Hu et al., 2015a; Hu et al.,
2018b; Bao et al., 2020), with a higher intensity indicating a higher
level of texturing within the structure. It is clear that the SPS
process improves texturing in all the materials studied. As can be
seen from the XRPD patterns, SPS sintered MW-Bi2Te3
(Figure 1B) and MW-Bi0.5Sb1.5Te3 (Figure 1D) samples
display higher (0 0 l) peak intensities (or relative peak
intensities with respect to the normalized highest intensity
diffraction peak) than the MA samples (see Supplementary
Table S2 for intensity of peaks with various Miller indices).
This indicates that the MW samples have a higher level of
texturing than the MA samples.

The electrical energy consumption of MA and MW reactions
can be compared for the typical batches prepared in this work.
Using the reaction durations, the electrical energy consumption

per gram of MA-Bi2Te3 is estimated as 687 kJ/g (4 h milling) and
for MA-Bi0.5Sb1.5Te3 (12 h milling) as 2,160 kJ/g, while it is 58 kJ/
g for both the MW samples (MW exposure for 6 min). This
comparison shows a significant benefit of MW-assisted heating
(12 to 40 times lower energy consumption based on the targeted
material composition) as a time- and energy-efficient synthetic
methodology. Both the methods are scalable; MA can be done in
larger jars by maintaining the same sample volume to ball volume
and free volume ratio. This may, however, lead to prolonged
reaction time to obtain the same phase purity of thematerial. MW
synthesis is more flexible in this respect; the amount of sample per
reactor can be increased, while the number of reactors can also be
increased in parallel per synthesis run, still maintaining a
significantly shorter reaction duration.

Microstructure Analysis
SEMmicrographs of as-made and sintered MA- and MW-Bi2Te3
samples are presented in Figure 2. The as-milled MA sample
(Figure 2A) shows strongly agglomerated/fused nanoparticles,
forming globular structures ranging from sub-100 nm up to few
micrometers. The as-made sample through MW (Figure 2D)
shows primary particles with hexagonal, or truncated-edge
hexagonal, platelet morphology, inherited from their
rhombohedral layered crystal structure. During the bottom-up
MW synthesis route, the particles formed can display
morphologies representing their crystal structure, which is
known as crystal habit. Various platelets sharing a common
axis were also observed. The cross section of hexagonal
platelets varies in the range of 100–300 nm, where the
thickness is typically around 50 nm. Crystallite size estimated
from the XRPD for as-made samples was around 30–40 nm,
revealing the polycrystalline character of the observed
nanoparticles. Upon sintering, both MA and MW samples
formed pellets with a packing density of around 80% (see
Table 1), where MW-Bi2Te3 (Figures 2E,F) and MA-Bi2Te3
samples (Figures 2B,C) display similar grain structures.

The SEM micrographs of as-made and sintered MA- and
MW-Bi0.5Sb1.5Te3 samples are presented in Figure 3. The as-
milled MA sample (Figure 3A) shows fused nanoparticles,
forming globular structures ranging from 200 nm up to few
micrometers in the lateral dimension, similar to MA-Bi2Te3.
The as-made sample through MW (Figure 3D) shows
particles with hexagonal platelet morphology, with thickness
about 50 nm and lateral size of 100–300 nm. Figure 3
indicates that there are laterally growing grains in both MA
and MW samples after SPS. However, as can be seen clearly,
the grain size of the MA sample is much larger than that of the
MW samples. This may be interpreted via surface energy of
nanoparticles. In other words, small particles have higher surface
energy and, thus, show more resistance to combining with other
particles to form larger grains under high temperature and
pressure, than larger grains (Ch’ng and Pan, 2007). Upon
sintering, MW-Bi0.5Sb1.5Te3 (Figure 3E,F) samples display a
much more smaller grain structure than the MA sample
(Figure 3B,C).

Texturing within the SPS processed materials can be implied
from the SEMmicrographs of the MA andMW samples (Figures
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2, 3). Having the same composition with a different level of
texture might be due to different effects of SPS on grains during
the compaction. Especially in the case of MW samples, the initial
particle morphology being hexagonal may have led to a higher
degree of texturing.

Transport Property Evaluation
The transport data in the temperature range from 300 to 523 K
are presented in Figure 4 for sintered MA-Bi2Te3 and MW-
Bi2Te3 samples and in Figure 5 for MA-Bi0.5Sb1.5Te3 and MW-
Bi0.5Sb1.5Te3 samples. Table 2 also summarizes the transport data
at room temperature and at the temperature where the maximum
ZT is obtained for the materials with given composition and
processing routes.

The electrical conductivity (σ) of MA-Bi2Te3 and MW-Bi2Te3
samples are shown in Figure 4A. They both decrease with
increasing temperature, which is a signature of typical highly
doped semiconducting behavior. The room temperature σ ofMA-
Bi2Te3 shows higher values (1,250 S/cm) than that of MW-Bi2Te3
(1,080 S/cm). The σ of a material is strongly dependent on its
carrier density, carrier mobility, energy gap, scattering
mechanism of charge carriers, and grain size (Goldsmid,
2010). Due to the absence of Hall measurement data, we
cannot comment on the carrier density directly; however, we
can infer some points from the bandgap energy. According to
Goldsmid’s approximation, the energy gap of a TE material can
be calculated via maximum value of the Seebeck coefficient and
temperature as follows: 2q·SmaxTmax, where q, Smax, and Tmax are

electron charge, maximum Seebeck coefficient, and the
temperature where the Smax was obtained (Goldsmid and
Sharp, 1999), respectively. According to this formula, the
estimated bandgap for the MA-Bi2Te3 sample is approximately
0.16 eV; it is 0.18 eV for the MW-Bi2Te3 sample, revealing a
smaller energy gap of the MA sample; and for the bulk Bi2Te3
sample, it is reported as 0.15 eV (Dannangoda et al., 2018). The
estimated bandgap for the samples is larger than that of the bulk
material, as an expected outcome of observed nanostructuring
from XRPD and SEM (Shevelkov, 2008). Lower bandgap of the
MA-Bi2Te3 sample is the main reason for its higher σ. Another
possible reason is texture within the material and the grain size
effect. Since the MA-Bi2Te3 sample has larger grains than MW-
Bi2Te3 samples (see Figure 2), its carrier mobility and, thus, σ are
higher, which may be linked to its higher electron mean free path.
As also noticed in Figure 4A, the σ of the MA sample decreases
more dramatically with an increase in temperature than that of
the MW sample. This may also be ascribed to the smaller energy
gap of this sample. The contribution of thermally activated
minority carrier is much higher in the sample with a smaller
energy gap; therefore, electron–electron, electron–acoustic
phonon, and electron–grain boundary scattering increase with
increasing temperature, leading to decrease of σ with increasing
temperature. The S of MA- and MW-Bi2Te3 samples is presented
in Figure 4B, which clearly indicates electrons as the main charge
carriers in both the samples. There is generally an inverse
correlation between the electronic conduction and S, which is
also observed here for both the samples. The S of MW-Bi2Te3

FIGURE 2 | FE-scanning electron microscopy micrographs of (A) as-milled MA-Bi2Te3, (D) as-synthesized MW-Bi2Te3, and SPS sintered fractured (B,C) MA-
Bi2Te3 and (E,F) MW-Bi2Te3.
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sample reaches larger absolute values in the whole measurement
regime than that of MA-Bi2Te3. Scattering mechanism, carrier
density, density of states near the Fermi level, and band structure
play important roles in the enhancement of S (Graziosi et al.,
2019).

Electronic transport properties show strong correlation in
classical materials; furthermore, they are also strongly affected
by charge carrier density, defects, and scattering events, as well
as energy bandgap. Therefore, it is possible to observe slightly
different transport properties in the materials with the same
composition due to its microstructure, which in turn is mostly
influenced by the adapted synthetic and processing routes. The
MW-Bi2Te3 displayed larger energy gap and a blend of micro/
nano-size grains, or layers, causing strong scattering of charge
carriers and heat carrier phonons (decreased electronic and
thermal conductivity), which in turn enhanced the S over MA-
Bi2Te3. The resultant power factor (PF � S2σ) is estimated for the
Bi2Te3 samples, displayed in Figure 4C, where the MW-Bi2Te3
sample showed a significantly higher PF values thanMA-Bi2Te3,
mostly due to its superior S values (max ∼21 µWK2/cm at
300 K). This microstructure may serve as an example for
energy filtering, where nanostructuring results in higher
thermopower (S2σ) and lower thermal conductivity, without
notably influencing the electrical conductivity as suggested
earlier (Shevelkov, 2008).

The σ of MA-Bi0.5Sb1.5Te3 and MW-Bi0.5Sb1.5Te3 samples are
presented in Figure 5A. MA-Bi0.5Sb1.5Te3 shows almost a flat
trend with the σ values in the range of 150–200 S/cm. The MW-

Bi0.5Sb1.5Te3 sample shows a decreasing trend of σ with increasing
temperature, starting from 400 S/cm at room temperature and
reaching 250 S/cm at 523 K. The observed trend for the MW-
Bi0.5Sb1.5Te3 sample is similar to heavily doped semiconductors,
while that of MA-Bi0.5Sb1.5Te3 is representative of intrinsic
semiconductors. The actual composition of the material,
energy gap, and carrier density are the three main factors that
affect the extrinsic or intrinsic behavior of a material that are
determined by the microstructure, defects, and dislocations in the
material. Using Goldsmid’s approximation (Goldsmid and Sharp,
1999), a lower bandgap is estimated for the MW-Bi0.5Sb1.5Te3
sample than the MA-Bi0.5Sb1.5Te3 sample in agreement with the
trend of σ values observed.

The S of MA- and MW-Bi0.5Sb1.5Te3 samples is presented in
Figure 5B, which clearly indicates the p-type (positive S)
character for both the samples. The trend in magnitude of S is
inverse of that of σ, as expected. MA-Bi0.5Sb1.5Te3 shows a very
high S value at room temperature which reduces to about its one-
third at 523 K, while MW-Bi0.5Sb1.5Te3 shows an increasing S
with increasing temperature. The σ slightly increases and the S
decreases with increasing temperature for the MA-Bi0.5Sb1.5Te3
sample, which can be ascribed to the quite large energy gap of this
sample where no strong effect of minority carriers on the transport
properties is observed. However, the MW-Bi0.5Sb1.5Te3 sample
shows the opposite trend, where the S increases and the σ decreases
with increasing temperature. This sample might have a smaller
energy gap. Thermally activated minority carriers (electrons) are
effective on transport properties and reduce the S [(Shσh +

FIGURE 3 | FE-scanning electron microscopy micrographs of (A) as-milled MA-Bi0.5Sb1.5Te3, (D) as-made MW-Bi0.5Sb1.5Te3, and SPS sintered fractured (B,C)
MA-Bi0.5Sb1.5Te3 and (E,F) MW-Bi0.5Sb1.5Te3.
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FIGURE 4 | Temperature-dependent transport properties of SP sintered
MW-Bi2Te3 and MA-Bi2Te3 samples: (A) electrical conductivity (σ), (B)
Seebeck coefficient (S), and (C) power factor (PF).

FIGURE 5 | Temperature-dependent electronic transport properties of
SP sintered MW-Bi0.5Sb1.5Te3 and MA-Bi0.5Sb1.5Te3 samples: (A) electrical
conductivity (σ), (B) Seebeck coefficient (S), and (C) power factor (PF).
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FIGURE 6 | Temperature-dependent thermal conductivity of SP sintered
MA-Bi2Te3 and MW-Bi2Te3 samples: (A) total (κtot), (B) electronic (κel), and (C)
lattice thermal conductivity (κlat).

FIGURE 7 | Temperature-dependent thermal conductivity of SP sintered
MA-B.5Sb1.5Te3 and MW-Bi0.5Sb1.5Te3 samples: (A) total (κtot ), (B) electronic
(κel ), and (C) lattice thermal conductivity (κlat).
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Seσe)/(σh + σe)]. The relationship of the partial S contributions to
Stotal (Sh and Se) shows that the magnitude of the S is strongly
related to the number of charge carriers and their effective mass.
Samples with a high concentration of minority carriers show a
lower Stotal (Ballikaya et al., 2013).

The resultant power factor (PF � S2σ) is estimated for the
Bi0.5Sb1.5Te3 samples, displayed in Figure 5C, where MA-
Bi0.5Sb1.5Te3 shows significantly higher PF values than the
MW sample until the crossover point with MW-Bi0.5Sb1.5Te3
at 450 K. This is certainly ascribed to the very high S observed for
MA-Bi0.5Sb1.5Te3.

Thermal conductivity (κtot) values are calculated for MW-
Bi2Te3 and MA-Bi2Te3 samples from the thermal diffusivity,
density of mass, and Cp values, and the results are presented
in Figure 6 as a function of temperature. There is a significant
difference between the estimated κtot values, where MW-Bi2Te3
shows values below 1W/m K in the whole temperature region,
whileMA-Bi2Te3 shows rather high values in the order of 1.55 W/
m K at room temperature, which parabolically changes and
reaches 1.15 (Figure 6A). The parabolic behavior of κtot of
MA-Bi2Te3 is attributed to bipolar effects, where it makes a
dip around 400 K, reaching 1W/m K, and increases up to 1.15
with increasing temperature, which supports our argument on
thermally activated minority carrier effect. It is well known that
grain boundaries behave like scattering centers for phonons,
lattice vibrations, which can cause damping of the thermal
conductivity. The κtot of the MW sample is lower than that of
bulk ingot Bi2Te3 (1.5 W/m K), while that of the MA sample is
comparable. Looking at the microstructure of the sintered
samples (Figure 2), one can easily see the finer grains, and
thus a higher grain boundary density in MW-Bi2Te3, leading
to a lower κtot.

The calculated κtot values for MW-Bi0.5Sb1.5Te3 and MA-
Bi0.5Sb1.5Te3 samples are presented in Figure 7. Both samples
show a decreasing trend with increasing temperature. MA-
Bi0.5Sb1.5Te3 shows much higher κtot (Figure 7A) values in the
order of 1.8 W/m K at room temperature, which monotonically
reduces to 1.2 at 523 K. The MW-Bi0.5Sb1.5Te3 sample shows a
parallel trend to MA-Bi0.5Sb1.5Te3 with at least about 50% lower
κtot values in the whole temperature range. This significantly
lower κtot values for MW-Bi0.5Sb1.5Te3 is attributed to the finer
grain structure, resulting in a higher grain boundary density,
effectively scattering phonons.

κtot has two major contributors: namely, electronic (κel) and
lattice components (κlat). Nanostructuring have been shown to
reduce the thermal conductivity of the material by increased
density of grain boundaries, leading to significant phonon
scattering, which has a strong influence on κlat mainly. The
Wiedemann–Franz law (κel � σ Lo T, where σ is the electrical
conductivity and Lo is the Lorenz number at a given temperature
T) can be used to estimate the electronic contribution (κel) to κtot,
and thereafter, κlat can be obtained by simply subtracting κel from
κtot. The Lorenz number (Lo) as a function of temperature was
calculated for all samples, by using the methodology detailed in
the Supplementary Material. The calculated Lo values (estimated
in the range 1.50–1.90 10−8 WΩK−2 at room temperature to
1.70–1.75 10−8 WΩ/K2 at 523 K) were used to estimate κel and

κlat for all samples; results are displayed in Figures 6B,C and 7B,C
for all Bi2Te3 and Bi0.5Sb1.5Te3 samples, respectively. In the MA-
and MW-Bi2Te3 samples, κtot is dominated by electronic
contribution (κel), while in the MA- and MW-Bi0.5Sb1.5Te3
samples, κlat predominates the thermal conductivity. This can
be ascribed to various scattering events, including phonon-point
defect scattering and phonon grain boundary scattering (due to
nano-sized grains). It is important to see the significant effect of
κlat on the transport properties, and thus the major role of its
reduction in enhancing the ZT value of especially MW-
synthesized compositions.

Based on all electronic and thermal transport data, the TE
figure of merit, ZT, has been estimated for all samples; the
results are presented in Figure 8 as a function of temperature.
MW-Bi2Te3 shows ZT of around 0.5 at RT, reaching 1.04
around 440 K. At this point, the trend bends downward,
which can be attributed to the increase in the κtot due to
bipolar effect. The MA-Bi2Te3 sample shows a similar trend
but with about 30–40% lower values, reaching the highest ZT of
0.7 at 440 K Bi0.5Sb1.5Te3 samples exhibit a very different
behavior, where the MA-Bi0.5Sb1.5Te3 sample shows a
declining ZT by increasing temperature, starting at about 0.3
and reaching down to 0.15 at 523 K. However, the MW-
Bi0.5Sb1.5Te3 sample shows a significant increase in the ZT,
from 0.15 at room temperature to 0.76 at 523 K. The
microstructure of MW samples (smaller grain structure and
high density of grain boundaries) allows for decoupling of the
thermal transport from the electronic transport by the higher
density of grain boundaries/interfaces, leading to increased
scattering of phonons (κlat). The combined overall effects on
the electronic and thermal transport properties of the MW
samples lead to significantly higher ZT values, revealing the
importance of the resultant microstructure in connection to the
respective synthesis routes.

CONCLUSIONS

Bi2−xSbxTe3 (where x: 0 and 1.5) materials have been prepared
using MA and MW heating routes. MW fabricated materials
exhibit hexagonal (or truncated hexagonal) platelet particle
morphology in agreement with the rhombohedral crystal
structure. Energy consumption was estimated from the
synthetic protocols where the MW synthesis consumed 12
to 40 times lower energy (per g) than the MA synthesis route.
The TE performance of Bi2−xSbxTe3 pellets was studied by
evaluating electrical conductivity, Seebeck coefficient, and
thermal conductivity of the SP sintered materials. Power
factor and the TE figure of merit, ZT, thus have been
estimated. An important trend is that while MW-
synthesized samples showed similar electrical conductivity
values to MA samples, they consistently demonstrated
much lower thermal conductivity values, resulting in higher
ZT. The highest ZT values were obtained for MW samples,
specifically as 1.04 (at 440 K) for MW-Bi2Te3 and 0.76 (at
523 K) for MW-Bi0.5Sb1.5Te3. The large density of grain
boundaries has been effective in reducing the thermal

Frontiers in Materials | www.frontiersin.org September 2020 | Volume 7 | Article 56972310

Hamawandi et al. Bi2−xSbxTe3 Through Mechanochemical vs. Microwave-Assisted Route

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


conductivity of MW-synthesized materials, thus making it
possible to achieve higher ZT values than those synthesized
through the MA route. These results, along with the time and
energy efficiency, confirm the MW-assisted solution synthesis
route as an alternative viable and scalable route for promising
nanostructured TE material synthesis, besides powder
metallurgical routes.
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