
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
m

ar
tie

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
4.

03
.2

02
6 

14
:0

2:
08

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Enhanced therm
aKey Laboratory of Optoelectronic Chemi

Education, Jianghan University, Wuhan 4

edu.cn
bKey Laboratory of Interface Science and Eng

of Education, Taiyuan University of Techn

zhangqiang@tyut.edu.cn
cZhejiang Key Laboratory of Marine Mater

Institute of Materials Technology and Eng

Sciences, Ningbo 315201, China
dKey Laboratory of Eco-Materials Advanced

and Engineering, Fuzhou University, Fuzhou
eThe Institute of Technological Sciences, Wu
fInstitute of Materials Research and Enginee

Research (A*STAR), Singapore 138634,

a-star.edu.sg
gDepartment of Materials Science and Engin

Singapore 117575, Singapore

† Electronic supplementary informa
https://doi.org/10.1039/d2ta09850d

Cite this: J. Mater. Chem. A, 2023, 11,
8912

Received 19th December 2022
Accepted 20th March 2023

DOI: 10.1039/d2ta09850d

rsc.li/materials-a

8912 | J. Mater. Chem. A, 2023, 11, 89
oelectric performance in
Bi0.5Sb1.5Te3/SiC composites prepared by low-
temperature liquid phase sintering†

Bo Zhu,abe Yi Luo,a Haiyi Wu,a Du Sun,a Luo Liu,a Shengcheng Shu,c

Zhong-Zhen Luo,d Qiang Zhang, *b Ady Suwardi *fg and Yun Zheng *a

Amongst thermoelectrics, Bi2Te3 is special owing to its peak performance near room temperature, which

enables it to be used for both energy harvesting and cooling. Despite extensive studies on this

compound, Bi2Te3-based bulk materials are usually prepared by field-assisted sintering and hot pressing.

This necessitates sophisticated equipment and tedious compositional control, both of which are

undesirable for large scale applications. In this work, a low-temperature liquid phase sintering (LPS)

method was employed to prepare p-type Bi0.5Sb1.5Te3/SiC composites with enhanced thermoelectric

properties. In addition, a nearly two-fold increase in the power factor was observed post heat treatment

at 350 °C. This can be ascribed to carrier concentration modulation due to porosity induced by heat

treatment. Further addition of 0.6 vol% SiC results in a low lattice thermal conductivity of 0.33 W m−1

K−1, which can be ascribed to phonon scattering due to various defects induced by the SiC inclusion.

Ultimately, a figure of merit ZT of 1.05 at 340 K was achieved for Bi0.5Sb1.5Te3/0.6 vol% SiC, 20% higher

than that of the pristine sample. Moreover, an average ZT of 0.87 at 300–500 K was attained,

comparable to state-of-the-art values via high-temperature processing. This work showcases the

promising application of the low-temperature LPS technique for energy-efficient processing of

thermoelectrics.
1. Introduction

As a type of energy material that can convert thermal energy into
electricity (and vice versa), thermoelectric materials have been
used in space power generation, waste heat recycling, and
thermoelectric refrigeration. They can also provide a fast time
response for precise temperature control. In addition, they can
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realize frequent thermal cycling for polymerase chain reaction
(PCR)-based testing, which is especially useful for diagnosing
COVID-19.1–6 Thermoelectric performance of materials can be
characterized by the dimensionless gure of merit ZT,
expressed as ZT = a2sΤ/(kL + kc), where a, s, kc, kL, and Τ
represent the Seebeck coefficient, electrical conductivity, carrier
thermal conductivity, lattice thermal conductivity, and absolute
temperature, respectively.7,8 The research of various thermo-
electric materials has developed rapidly in the past century.
Many state-of-the-art materials have emerged, including
SnSe,9,10 PbTe,11,12 SiGe,13,14 half-Heusler alloy,15,16 skutter-
udite,17,18 oxides19 (such as NaCo2O4,20,21 CaMnO3,22,23 ZnO,24,25

and SrTiO3,26,27), and Zintl.28,29 Most of these materials are
studied only in the laboratory and have a long way to go in terms
of industrial production.30

Bismuth telluride-based materials have been commercial-
ized for a wide range of applications. To date, it is the only
mature material that has reasonably good performance for both
cooling and low-grade heat harvesting. At present, high-
temperature melting or zone melting is usually used to
synthesize (Bi,Sb)2(Te,Se)3 thermoelectric materials.31 The ZT
value of either p-type or n-type is close to 1.0 at room temper-
ature. However, traditional preparation methods take a long
time, consume a lot of energy, and are not economical. There-
fore, developing low temperature, low cost, high efficiency
This journal is © The Royal Society of Chemistry 2023
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thermoelectric materials preparation methods has become
a key challenge in thermoelectrics. So far, researchers have
found many low-cost preparation methods on thermoelectric
materials, such as the microwave method,32,33 combustion
synthesis reaction combined with the plasma activated sinter-
ing process,34 and low-temperature liquid phase sintering (LPS)
method.35 Our earlier work using low-temperature LPS to
prepare Bi2Te3-based materials has proven successful. But the
obtained ZT values remain inferior compared to those obtained
for existing materials used for commercial application.35

In this work, we present a strategy to drastically improve the
thermoelectric performance of LPS-synthesized Bi2Te3-based
materials. By low temperature heat treatment of LPS-
synthesized Bi2Te3 samples combined with SiC nanoparticle
(20 nm) inclusion, a high peak ZT of 1.05 at 340 K was achieved.
This value is almost two times higher compared to the ZT of
0.56 at 450 K of LPS-synthesized Bi2Te3 reported previously.
Such drastic improvements in the performance can partially be
ascribed to the subsequent heat treatment, which is an efficient
way to control lattice defects and carrier mobility.36,37 Besides
heat treatment, the inclusion of SiC nanoparticles further
reduces the lattice thermal conductivity while retaining the
electronic properties, further improving the ZT.38–43 Further-
more, it was also evident from this work that small SiC nano-
particle dispersion in (Bi,Sb)2Te3 materials is more effective
than large nanoparticles in improving its thermoelectric
performance. Overall, the two key insights derived from this
work can be widely applied to other materials systems. Firstly,
LPS reported in this work represents both an energetically and
commercially attractive alternative to high temperature
processes in thermoelectric synthesis. Secondly, unlike chem-
ical doping, nanocomposites using small nanoparticle inclu-
sion (i.e. SiC) can be introduced to other materials systems
without severely affecting their existing chemical conguration,
which subsequently affects their band structures and transport
properties.

2. Experimental section
2.1 Sample preparation

In this experiment, Bi shots (99.9%, Sichuan High Purity
Material Technology Co., Ltd), Sb granules (99.8%, Sichuan
High Purity Material Technology Co., Ltd) and Te chunks
(99.9%, Sichuan High Purity Material Technology Co., Ltd) were
used as raw materials. They were weighed according to the
stoichiometry of Bi0.5Sb1.5Te3 and loaded into a quartz tube.
The quartz tube was then sealed under vacuum using vacuum
sealing equipment (MRVS-2002, Partulab Technology Co. Ltd).
The tube was then placed in a muffle furnace (VBF-1200X, Hefei
Kejing Material Technology Co., Ltd) and heated to 800 °C
(heating rate: 5 °C min−1) for six hours and slowly cooled to
room temperature. The ingots were crushed into powders using
a high-energy mixer (8000M, SPEX SamplePrep, America). The
ground powders were sieved using a 500-mesh stainless steel
sieve. Then Bi0.5Sb1.5Te3 powders and SiC nanoparticles with
20 nm in size were mixed by ball milling according to x vol%
SiC/Bi0.5Sb1.5Te3 (x = 0, 0.1, 0.3, 0.6, 0.8, 1.0). The milling
This journal is © The Royal Society of Chemistry 2023
process was carried out in an argon atmosphere for 30 min.
Seven-gram composite powders were weighed and blended with
1 mL deionized water to form a slurry. The slurry was consoli-
dated into bulk materials using low temperature LPS as
described in our previous work.35 The specic sintering condi-
tions are listed below: the sintering temperature is 150 °C, the
applied pressure is 240 MPa, and the holding time is 20 min.
The sintered cylinder samples were then loaded into a tube
furnace (VBF-1200X, Hefei Kejing Material Technology Co., Ltd)
for heat treatment under continuous argon purging. The heat
treatment temperature was set at 200–400 °C in order to remove
the residual water and promote crystallization. The schematic
diagram of the synthesis ow is shown in Fig. S1.† The densities
of all bulkmaterials were tested by the Archimedesmethod, and
the samples were cut into rectangular strips (12 × 4 × 2 mm3)
and square pieces (6 × 6 × 2 mm3) using a diamond saw (SYJ-
400 Shenyang Kejing Auto-instrument Co., Ltd).
2.2 Testing and characterization

The crystal structure, grain orientation and phase composition of
the bulk material were analyzed by X-ray diffraction (XRD, PAN-
alytical X'Pert Power, Netherlands). Field emission scanning
electronmicroscopy (FESEM, Hitachi SU8010, Japan) was used to
characterize the grain microstructure and fracture morphology
of the samples and was equipped with an energy dispersive
spectrometer (EDS) to detect the composition. Samples were
sectioned using a focused ion beam (FIB, TESCAN AMBER GMH
Czech) and characterized by transmission electron microscopy
(TEM, JEOL JEM ARM200F Nippon Electronics Co.). The fast
Fourier transform (FFT) analysis of TEM images was performed
using Gatan Digital Micrograph soware. The Seebeck coeffi-
cient a and conductivity s were simultaneously measured using
commercial equipment (MRS-3 Jouleyacht, China) in a tempera-
ture range of 300–500 K. awasmeasured by the dynamicmethod
and s was measured by four-wire resistance measurement. The
thermal diffusivity D was measured by laser ash analysis (LFA,
Netzsch LFA-457, Germany). The thermal conductivity k is
calculated according to the formula, k = DdCP where the sample
density d is determined by the Archimedes method and the
specic heat CP is measured using a differential scanning calo-
rimeter and the three-line method (DSC, Netzsch DSC 200F3,
Germany). The room temperature Hall coefficient of the sample
was measured by van der Pauw's method (Jouleyacht HET,
China), and the carrier concentration (p) and mobility (mH) of the
material were calculated accordingly.
3. Experimental results and
discussion

The Bi0.5Sb1.5Te3 samples heat-treated at 200–400 °C show
consistent XRD patterns with that before heat treatment (Fig.
S2†), well matching the reference pattern (JCPDS#49-1713). This
reinforces the fact that there is no structural/phase change due
to heat treatment. Fracture morphologies of Bi0.5Sb1.5Te3
materials under different heat treatment conditions are shown
in Fig. S3 and S4.† It is obvious that the pores on the material
J. Mater. Chem. A, 2023, 11, 8912–8921 | 8913
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surface can be clearly seen and the porosity of the sample is
getting higher and higher when the heat treatment temperature
is 300–400 °C at the samemagnication. This is mainly because
swelling or volumetric expansion has appeared on the surface of
the block sample aer heat treatment at 350 °C and 400 °C (as
shown in Fig. S5a†), which caused a reduction in the density of
the bulk sample (as shown in Table 1 and Fig. S5b and c†) and
an increase in porosity. In addition, this bright eld TEM image
reveals that small intergranular pores are present in the heat-
treated samples (as shown in Fig. S5d and e†).44–47 Meanwhile,
abnormal grain growth occurs in the 250 °C treated sample
compared to other samples. This indicates that the material is
thermally activated (Ostwald ripening48–52) at this heat
Table 1 Room-temperature density (d), electrical conductivity (s), Seeb
calculated according to the formula given in the literature56), carrier co
samples

Heat treatment
temperature (°C)

d
(g cm−3)

s

(S cm−1)
a

(mV K−1)

Without heat treatment 6.62 398.6 153.6
200 6.55 451.3 146.1
250 6.55 409.6 159.0
300 5.92 430.1 211.7
350 5.58 547.7 204.4
400 5.30 483.4 205.1

Fig. 1 Temperature-dependent thermoelectric properties of Bi0.5Sb1.5T
conductivity, (b) Seebeck coefficient, (c) power factor, (d) thermal condu
ZT values.

8914 | J. Mater. Chem. A, 2023, 11, 8912–8921
treatment temperature. Porosity and thermal activation
between grains determine carrier mobility. These two factors
play a competitive role in affecting carrier mobility. On the one
hand, thermal activation (the grains are activated by heat
treatment) reduces the interface area between the grains, which
is conducive to the carrier transport process and increases the
carrier mobility. Therefore, the carrier mobility begins to
increase (in Table 1) when the heat treatment temperature is
250–300 °C. On the other hand, the porosity intensies the
scattering effect on the carriers, which reduces the carrier
mobility. Therefore, carrier mobility shows a downward trend
(Table 1). The effects of different heat treatment temperatures
on the thermoelectric transport properties are shown in Fig. 1.
eck coefficient (a), Lorentz number (L), carrier effective mass (m*/m0,
ncentration (p), and carrier mobility (mH) of heat-treated Bi0.5Sb1.5Te3

L
(10−8 W U K−2) m*/m0

p
(1019 cm−3)

mH
(cm2 V−1 s−1)

1.72 1.13 4.38 80
1.70 1.01 4.11 69
1.68 1.01 3.88 65
1.67 0.92 1.52 176
1.62 0.84 1.53 282
1.61 0.98 1.92 192

e3 materials under different heat treatment conditions: (a) electrical
ctivity, (e) the combined lattice and bipolar thermal conductivity, and (f)

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 XRD patterns of Bi0.5Sb1.5Te3/x vol% SiC (x= 0, 0.1, 0.3, 0.6, 0.8,
1.0) pellet samples after heat treatment.
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Fig. 1a shows the variation in the temperature dependent
electrical conductivity of materials with different heat treatment
temperatures. The room-temperature conductivity of the
sample heat-treated at 350 °C is 547.73 S cm−1, which is
signicantly higher than that of both the sample (398.55 S
cm−1) without heat treatment and the 200 °C heat-treated
sample (451.29 S cm−1). This is mainly due to its more than
three times higher room temperature carrier mobility compared
Fig. 3 Fracture morphologies and EDS compositions of Bi0.5Sb1.5Te3/xvo
(b) and (c) x = 0.6 samples; (d) EDS composition of the rectangular area

This journal is © The Royal Society of Chemistry 2023
to that of the sample without heat treatment (as shown in Table
1). As shown in Fig. 1b, the samples heat-treated at 350 °C and
400 °C show much higher Seebeck coefficients than that before
heat treatment. This is mainly because the carrier concentration
is greatly reduced by heat treatment at 350 °C and 400 °C (as
shown in Table 1). The decreased carrier concentration could be
ascribed to strengthened carrier scattering at the pores induced
by heat treatment.44,46,53,54 Moreover, the intrinsic excitation
temperature of samples heat-treated at 350 °C and 400 °C is
shied to around 360 K. The power factor of the samples heat-
treated at 350 °C and 400 °C is much higher than that of the
sample without heat treatment and 200 °C samples prior to the
intrinsic excitation (as shown in Fig. 1c). Fig. 1d shows the
temperature dependent thermal conductivities of heat-treated
materials. Obviously, the thermal conductivity of samples
heat-treated at 350 °C and 400 °C is signicantly lower than that
of the sample without heat treatment and the heat-treated
samples at 200 °C with regard to 350 °C. Fig. 1e shows the
variation of the combined lattice and bipolar thermal conduc-
tivity k − ke (which can be calculated by a subtraction of the
electronic contribution according to the formula kL + kb = k− ke

and ke = LsT)with different heat treatment temperatures as
a function of temperature. It is signicantly lower than that of
the sample without heat treatment and heat-treated samples at
200 °C. The minimum combined lattice and bipolar thermal
conductivity of the samples heat-treated at 350 °C reaches 0.38
W m−1 K−1 at 340 K (lower than the reference value55). Fig. 1f
shows the temperature dependent ZT of samples heat-treated at
different temperatures. Obviously, the samples heat-treated at
l% SiC (x = 0, 0.6) bulk samples. Fracture morphologies of (a) x = 0 and
in (c).

J. Mater. Chem. A, 2023, 11, 8912–8921 | 8915
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Fig. 4 (a) The microstructure of Bi0.5Sb1.5Te3/xvol% SiC (x = 0.6), (b–f) the distribution of Si, Bi, Sb and Te elements, (g) EDS composition of
Bi0.5Sb1.5Te3/xvol% SiC (x = 0.6), (h) high-resolution TEM images of x = 0.6 samples, and (i) high-resolution TEM images of x = 0.6 sample
interfaces ((i) is the image of the red rectangular area in (h)).
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350 °C or 400 °C have higher ZT values, reaching a peak value of
∼1.0 near 350 K. The average ZT values are around 0.75–0.85 for
samples heat-treated at 350 and 400 °C (Fig. S6†). In summary,
the optimal heat treatment temperature of low-temperature liquid
phase sintered samples is within the range of 350–400 °C. It
should be noted that samples heat-treated at 400 °C have poor
machinability, leading to sample fracture during the cutting
process and difficulty in the thermoelectric performance test.
Therefore, the samples were heat-treated at 350 °C in the
subsequent experiments.

Fig. 2 shows the phase composition of Bi0.5Sb1.5Te3/SiC
composite samples. All the XRD peaks of the samples corre-
spond to the reference Bi0.5Sb1.5Te3 (JCPDS#49–1713). No
additional peaks related to SiC and impurities were observed
within the XRD detection limit, consistent with the minute
amount of SiC. Fig. 3 presents the fracture morphology and
composition of Bi0.5Sb1.5Te3/x vol% SiC (x = 0, 0.6) samples.
8916 | J. Mater. Chem. A, 2023, 11, 8912–8921
Many lamellar crystals were observed in the cross section
(Fig. 3a and b), which are expected in the layered structure of
Bi2Te3-based compounds. Compared with the pristine sample,
the 0.6 vol% SiC incorporated composite sample has smaller
grains. This indicates that introducing SiC nanoparticles can
effectively inhibit grain growth, consistent with previous
reports.57 Fig. 3d shows the EDS composition map of the red
rectangular region in Fig. 3c where obvious Si signals were
detected, indicative of the SiC existence as a separate phase.
Meanwhile, EDS mapping and quantitative results of Bi0.5-
Sb1.5Te3/x vol% SiC (x = 0.6) sample at low magnitude (as
shown in Fig. S7 and S8†). It is obvious that silicon carbide has
good dispersion in the bismuth telluride matrix and the atomic
ratio is also within the normal error range.

To further characterize the microstructure, transmission
electron microscopy (TEM) was used to detect the defects in the
crystal, such as dislocations and lattice distortion. Fig. S9a and c†
This journal is © The Royal Society of Chemistry 2023
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show high-resolution TEM images of x= 0 and x= 0.6 samples,
respectively. Evidently, Fig. S9a† shows atomic-scale disloca-
tions and lattice distortions. Meanwhile, the inverse FFT images
in Fig. S9b and d† show the dislocations and lattice distortions
in the (018) for x = 0 and the (015) for x = 0.6 crystal planes,
respectively. In addition, similar defects are observed in other
regions of Fig. S9a and c.† These specic microstructures and
defects, including high concentrations of grain boundaries,
dislocations and lattice distortions, have a signicant impact on
electrical and thermal transport properties. These defects play
an important role in inducing phonon scattering and designing
low lattice thermal conductivity. Fig. 4a presents the low-
Fig. 5 (a) Electrical conductivity, (b) Seebeck coefficient, (c) power factor
0.6, 0.8, 1.0) as a function of temperature.

Table 2 Density (d), electrical conductivity (s), Seebeck coefficient (a), L
given in the literature56), carrier concentration (p), and carrier mobility (m

xvol%
SiC

d
(g cm−3)

s

(S cm−1)
a

(mV K−1)
L
(10

0 5.58 547.7 204.6 1.62
0.1 5.73 427.9 218.6 1.60
0.3 5.75 410.4 217.0 1.60
0.6 5.80 505.7 211.2 1.61
0.8 5.66 441.2 207.9 1.61
1.0 5.43 420.0 207.4 1.61

This journal is © The Royal Society of Chemistry 2023
magnication TEM image together with the mapping and EDS
results (Fig. 4b–g) showing the SiC particles distributed in the
(Bi,Sb)2Te3 matrix. The results in Fig. 4b–g show that silicon
carbide has good dispersion in the BST matrix and also indicate
that the Bi0.5Sb1.5Te3/xvol% SiC composite has been success-
fully prepared Meanwhile, clear interfaces are formed between
p-type (Bi,Sb)2Te3 (as shown in Fig. 4h and i) and SiC due to
their similar lattice constants which is the prerequisite for
generating the energy-ltering effect.58,59

Fig. 5 shows the temperature dependent electrical and
thermal transport properties of Bi0.5Sb1.5Te3/x vol% SiC (x = 0,
0.1, 0.3, 0.6, 0.8, and 1.0). The SiC incorporation decreases the
, and (d) thermal conductivity of Bi0.5Sb1.5Te3/x vol% SiC (x= 0, 0.1, 0.3,

orentz (L), effective mass (m*/m0, calculated according to the formula

H) of Bi0.5Sb1.5Te3/SiC composites at room temperature

−8 W U K−2) m*/m0

p
(1019 cm−3)

mH
(cm2 V−1 s−1)

0.87 1.53 224
0.98 1.55 173
1.01 1.65 155
0.95 1.60 199
0.85 1.42 199
0.90 1.56 168
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carrier mobility of Bi0.5Sb1.5Te3-based materials. For example,
the carrier mobilities of the x = 0 and 0.6 samples are 224 cm2

V−1s−1 and 199 cm2 V−1s−1, respectively (Table 2). When the
content of silicon carbide (x < 0.6%) gradually increases, the
mutual scattering between carriers caused by an increase in the
carrier concentration will greatly reduce the carrier mobility.
When the silicon carbide content (x $ 0.6%) continues to
increase, the second phase scattering strengthens, which
decreases the carrier concentration and increases carrier
mobility. In addition, for x = 0 and 0.6 samples, their electrical
conductivities reach above 500 S cm−1 at 300 K as shown in
Fig. 5a, higher than those of the other composite samples.
Fig. 5b shows the Seebeck coefficients of all samples as a func-
tion of temperature. The Seebeck coefficients of all samples
increased with the increasing temperature, peaking at around
350 K and decreasing gradually. This is attributed to the
intrinsic excitation occurring at above 350 K. The x= 0.6 sample
exhibits a higher Seebeck coefficient (218.6 mV K−1) than that
without SiC (204.6 mV K−1) despite their similar carrier
concentrations, indicating the possible energy ltering effect
induced by a small amount of SiC nanoparticles.40 The energy
barriers can lter low-energy carriers, which could increase
Seebeck coefficients of the samples.43 The enhanced Seebeck
coefficient compensates for decreased electrical conductivity,
resulting in a large power factor of 2.25 × 10−3 W mK−1 (ref. 2)
Fig. 6 (a) The combined lattice and bipolar thermal conductivity, (b) latti
for Bi0.5Sb1.5Te3/x vol% SiC (x = 0, 0.1, 0.3, 0.6, 0.8, and 1.0) composite

8918 | J. Mater. Chem. A, 2023, 11, 8912–8921
at 300 K for the x = 0.6 sample. This is the highest value among
all samples, nearly unchanged compared to pristine Bi0.5Sb1.5-
Te3 (Fig. 5c) despite the lower thermal conductivity. The
temperature dependent thermal conductivities of samples with
different SiC contents are shown in Fig. 5d. Compared to the
pristine sample, all SiC-containing samples show much smaller
thermal conductivities in the entire temperature range. The
thermal conductivities decrease slowly, reach the minimum
value at around 350 K and increase with increasing tempera-
ture. This manifests the effective role of SiC inclusion in
reducing the total thermal conductivity of Bi0.5Sb1.5Te3.

Fig. 6a shows the combined lattice and bipolar thermal
conductivity (as shown in Fig. S10,† it was calculated according
to the formula given in the literature60) k − ke (which can be
calculated by a subtraction of the electronic contribution
according to the formula k − ke = kL + kb and ke = LsT) of
samples with different SiC contents as a function of tempera-
ture. As the temperature increases, the combined lattice and
bipolar thermal conductivity gradually increases (due to bipolar
diffusion). The lattice conductivities of all SiC-incorporated
samples maintain the same trend (as shown in Fig. 6b), which
presents a steady decrease followed by a gradual increase with
increasing temperature. Compared to the other samples, the x
= 0.6 sample has the lowest room-temperature lattice conduc-
tivity of 0.33 W m−1 K−1, much lower than that of the pristine
ce thermal conductivity, and (c) ZT values as a function of temperature
samples. (d) Average ZT values at 300–500 K for the composites.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Comparison of (a) temperature dependent ZT values and (b) ZTav for Bi0.5Sb1.5Te3/SiC composites prepared by different methods.
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sample. This is mainly ascribed to the enhanced phonon scat-
tering by multiple scattering centers, including pores, grain
boundaries, phase boundaries, dislocations and lattice distor-
tions (as described above).44,61–64 Specically, the low-
temperature LPS method can inhibit grain growth to obtain
ultra-ne grains.35 And aer heat treatment at 350 °C, all
samples demonstrate decreased density and improved porosity,
leading to additional phonon scattering at the pores. A simpli-
ed Debye-Callaway model accounting for contributions from
the grain boundaries, point defects, and SiC nanoparticles is
shown in Fig. S11.† The tting parameters were taken from ref.
65. From the modelled lattice thermal conductivity, it is evident
that when 0.6% SiC is added to the matrix, further reduction in
lattice thermal conductivity can be observed. At higher
temperatures (above 400 K), the upturn in experimental lattice
thermal conductivity can be ascribed to deviation in the bipolar
and electronic thermal conductivity estimation. This supports
the premise that lattice thermal conductivities are reduced in
SiC-incorporated samples. Fig. 6c shows the temperature
dependent ZT values of the composite samples. The x = 0.6
sample exhibits the highest ZT value over the whole tempera-
ture range among all samples, achieving a peak value of 1.05
near 340 K. This is comparable to other samples prepared by
eld-assisted sintering or hot pressing.5,66–68 In addition, the
average ZT value of the x = 0.6 sample at 300–500 K is 0.87
(Fig. 6d), which is the highest among all samples and close to
the literature value.69

In addition, in order to further reveal the advantages of low-
temperature LPS, we compared the thermoelectric properties of
Bi0.5Sb1.5Te3/x vol% SiC composite specimens prepared by
mechanical alloying (ball milling) and spark plasma sintering
(MA-SPS or BM-SPS) (Fig. 7).39,57,70 Despite having a lower peak
ZT value compared to SPS samples (Fig. 7a), the LPS samples
show a higher average ZT value (Fig. 7b). Compared to consol-
idation methods, such as SPS and hot pressing, the low-
temperature LPS method is low-temperature and is cost-
efficient, making it conducive to large-scale industrial produc-
tion. Furthermore, this study offers follow-up optimization
This journal is © The Royal Society of Chemistry 2023
possibilities. (1) It is important to control the Bi/Sb ratio to
achieve the optimum hole concentration, thereby enhancing ZT
values in (Bi,Sb)2Te3-based materials.40,70–73 (2) Excess Te could
be involved in (Bi,Sb)2Te3+x, which can reduce lattice thermal
conductivity and improve carrier mobility.44,74,75 (3) Other
alternative secondary inorganic phases (such as carbon nano-
tubes,76 FeTe2 (ref. 77) and Al2O3 (ref. 68) and conducting poly-
mers can be considered.

4. Conclusions and outlook

This work adopted a novel low-temperature LPS and a subse-
quent heat treatment process to prepare Bi0.5Sb1.5Te3/SiC
composite specimens with enhanced thermoelectric properties.
The results show that the additional heat treatment process at
350–400 °C is essential to boost the power factor of the as-
sintered samples. Further improvements in the thermoelectric
properties can be achieved by introducing a small amount of
SiC nanoparticles in Bi0.5Sb1.5Te3. The SiC addition combined
with suppressed grain growth and other crystal defects results
in enhanced phonon scattering. The lattice thermal conduc-
tivity of the 0.6 vol% SiC composite sample is as low as 0.33 W
m−1 K−1 near 340 K, contributing to a maximum ZT value of
1.05 at 340 K, comparable to the literature reports. Meanwhile,
the average ZT value of this sample reached 0.87, 24% higher
than that of the pristine sample. This study proves the prom-
ising role of the low-temperature LPS method in preparing
(Bi,Sb)2(Te,Se)3 bulk materials with drastically enhanced ther-
moelectric performance.
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