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Waste heat can be utilized to generate electric power via thermoelectric solid-state materials in a more
reliable and noise-free way than conventional heat power systems. However, the primary concern arises
from its low efficiency compared to conventional conversion technologies. Thermoelectric efficiency is
measured in terms of a figure of merit (ZT), which is proportional to electrical conductivity (¢) and
Seebeck coefficient (S) and is inversely proportional to the thermal conductivity (k) of a material system.
A material that has high electrical conductivity usually has low Seebeck coefficient and high thermal
conductivity and vice versa and, therefore, a low ZT value. Hence, semiconductors are a vital choice for
achieving a high ZT value compared to ceramics and metals, where all the above-mentioned parameter
values are in an intermediate range. Researchers have been working for decades to independently
control these thermoelectric parameters via various routes, such as nanostructuring, doping,
compositional tuning, and band gap engineering. One significant approach in this direction is introducing
controlled porosity into thermoelectric materials to achieve low thermal conductivity (k) while

minimizing any detrimental impact on electrical conductivity (¢). This review highlights the importance of
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Accepted 21st February 2024 porosity and its effect on porous thermoelectric materials and summarizes recent progress in developing

advanced porous structures for high-performance thermoelectric materials systems. It also offers some

DOI: 10.1039/d3su00451a prospects and strategies to independently control k with a very low synergistic effect on ¢ to achieve

rsc.li/rscsus a high ZT value.

Sustainability spotlight

Porous thermoelectric materials have emerged as a promising avenue for advancing sustainability in the realm of energy materials. Controlled porosity can
elevate the thermoelectric efficiency of materials by reducing thermal conductivity without compromising the electrical transport properties of the materials.
Efficient thermoelectric materials can address critical environmental challenges by reducing greenhouse gas emissions and energy consumption. Through
ongoing research, experimentation, and collaboration, porous thermoelectric materials are paving the way for a greener and more sustainable future, where
energy production and utilization are harmonized with environmental stewardship. In this review, we present some recent studies carried out by researchers to
study the potential of porous microstructures in improving the thermoelectric properties of various material systems. This work aligns with the two UN
sustainability goals: SDG 07 “affordable and clean energy” and SDG 13 “climate action.”.

The thermoelectric effect is based on the principle that
a temperature gradient across a material can generate a poten-

Introduction

Despite the growing demand for energy in the 21st century,
a significant amount is being dissipated in the form of heat
everywhere."> Thermoelectric materials have received consid-
erable attention owing to their intrinsic ability to transform
heat into electricity or vice versa through solid-state devices.*”®
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tial difference across the two ends of the material.*” This is
because heat flow causes electrons to be piled up at one side of
the junction, resulting in the flow of electric current through an
outer connected circuit to generate electricity.*® There are
various applications of thermoelectric technology, such as
power generation from dissipated heat, refrigeration, and
remote sensing. They offer several advantages over conventional
harvesting technologies, including low maintenance, reliability,
silent operation, and absence of moving parts.'®'* Despite
numerous positive features, the main challenge in the
commercialization of thermoelectric systems is usually low
conversion efficiency. The efficiency of the thermoelectric
material system is determined by ZT with respect to the
measured temperature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The ZT expression can be written as

ZT = & T,
K

where S is the Seebeck coefficient, ¢ is electrical conductivity, « is
the total thermal conductivity, and T is the absolute temperature.
Achieving a high ZT value in thermoelectric materials requires
a high Seebeck coefficient and high electrical conductivity but low
thermal conductivity.”>** However, controlling these parameters
independently is very challenging due to their interdependence on
each other."* This is mainly due to the requirement of increasing
the power factor (S%¢) and simultaneously reducing the thermal
conductivity. Enhancing both electrical conductivity and the See-
beck coefficient simultaneously proves difficult because they
typically vary oppositely with changes in charge carrier concen-
tration. Additionally, concurrently increasing ¢ and decreasing
thermal conductivity pose a challenge, as the electronic compo-
nent of thermal conductivity tends to follow the same trend of ¢."”
The Wiedemann-Franz relationship divides thermal conductivity
into two parts that play a role in determining the thermal prop-
erties of solids: one is associated with phonons (or lattice vibra-
tions) and the other arises from electrons.*® To control x without
affecting the electrical transport properties of a material, we need
to independently control the lattice part of the thermal conduc-
tivity, which is more closely related to phonon scattering.'***
Therefore, independent reduction in the lattice part of the «
without significantly affecting the electronic part within the same
system is termed ‘phonon-glass, electron-crystal’ (PGEC). In the
PGEC concept, semiconductors are designed like a crystal struc-
ture that transmits charge carriers like a good semiconductor
crystal by blocking the flow of heat efficiently through effective
phonon scattering similar to amorphous glass.*

The key point for understanding is how heat conduction
occurs inside a crystal structure and what are the parameters
that affect heat conduction inside a material system. As atoms
are closely packed within the crystal structure, they vibrate at
their natural frequencies all the time. The vibration of one atom
in the crystal is linked with neighboring atoms and exists as an
interconnecting network of vibrations rather than as an isolated
entity. The lattice vibrations behave like standing waves within
a crystal structure. These lattice waves are quanta of crystal
vibration terms as phonons, which are responsible for the
transportation of thermal energy throughout the materials.*

The timespan of phonon existence in the material may vary
depending on its frequency or, in other words, energy. The
phonons can have a wide range of frequencies depending on
their polarization (i.e., transverse or longitudinal) and their
vibrational mode (i.e., optical or acoustic) and hence can carry
different amounts of heat.?* The factors that determine the heat
conduction within the material are heat capacity (Cp,), mean free
path (¢) and group velocity (v) of phonons. The group velocity is
responsible for the propagation of phonons in the material
related to the frequency and wavenumber of phonons and can

a
be defined as vy = a—]}:.“’“ By increasing the temperature of the

material, different modes of phonon can be excited. However,
only a few of these modes are responsible for heat transfer, such

© 2024 The Author(s). Published by the Royal Society of Chemistry
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as long-wavelength acoustic phonons. However, optical
phonons have low group velocities and are poor carriers of
heat.”” However, the mean free path of the acoustic phonon
responsible for heat conduction does not remain the same and
can vary by more than an order of magnitude. The mean free
path can vary by changing the purity or harmonicity of the
material.”*** Anharmonic lattice vibrations involve non-linear
among atoms within a crystal
harmonic approximation, atoms exhibit regular and predictable
vibrations around their equilibrium positions. However, real
materials introduced anharmonicity, causing irregularities in
these vibrations and resulting in the scattering of phonons,
which are the elementary excitations responsible for heat
conduction in a crystal lattice. Numerous studies have explored
the effect of increasing anharmonic lattice vibrations on
a decrease in lattice thermal conductivity.’*** Another impor-
tant factor is the scattering of phonons within the material,
which can greatly affect its thermal conductivity. Phonon scat-
tering is high for a structure with more defects, such as impu-
rities, vacancies, and grain boundaries, as shown in Fig. 1.3*3*
The most common methods for reducing the thermal conduc-
tivity of materials are doping,* microstructure control,*® grain
boundary engineering,”” compositional optimization,*® and
incorporating porosity.*

A porous structure is a solid matrix with incorporated voids,
where pores can be opened or closed depending on the matrix
materials and processing scheme. Pores are of three types based
on their size, as shown in Fig. 2. These pores when induced in
a structure result in a large surface area that enables numerous
active sites to promote various processes, such as catalysis,
adsorption and separation.*” Porous structures have applications
in various research areas, such as solar cell,** super capacitors,*>
batteries,” sensors,* bio-medical,® opto-electronics,*® and
thermoelectric.”

The incorporation of controlled porosity into the structure is
an effective way to increase phonon scattering and reduce thermal
conductivity. Many studies have reported incorporating porous
structures within the material to successfully control thermal
conductivity.**> The scattering mechanism in porous structures
is more complex than other scattering types, such as point defects
and grain boundaries. Hohyun et al. described a model of phonon
scattering at the pore site and its effect on the thermal conduc-
tivity of the material. According to the proposed model, the
inclusion of pores in the structure also affects the electrical
conductivity of the material. The group suggested that the low
value of the electron effective mass and the small relaxation time
of charge carriers can cause a slight decrease in electrical
conductivity and an overall enhancement in ZT.> Various efforts
have been made so far to incorporate controlled porosity, aiming
to enhance thermoelectric performance across various material
systems. The subsequent sections delve into some of these efforts.

interactions lattice. In

Hollow hexagonal porous Al-doped ZnO towers

Bo et al.>* synthesized Al-doped ZnO(AZO) by co-precipitation
and then processed by spark plasma sintering (SPS). At 40 °C,
precursors such as Zn(CH3;COO),-2H,0 and Al(NOj;); were
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Fig. 1 Different sites for phonon scattering: (a) phonon—-electron scattering, (b) scattering due to impurities or vacancies, and (c) scattering

caused by grain boundaries and pores.

mixed in deionized water (D.I), and ammonia was added grad-
ually to maintain a pH of 8. The precipitate was permitted to
settle at the bottom, and the supernatant was removed. The
sediment was washed several times with D.I. water. Subse-
quently, the drying was carried out overnight at 100 °C and
calcined for 2 h at 800 °C in a furnace. The calcined powders
were then subjected to SPS sintering at various temperatures

Macropore Mesopore

(400, 500, 600, 700, 800, 900, and 1000 °C) for 5 minutes at
80 MPa. The fractured surface at various temperatures of the
samples after SPS is depicted in Fig. 3 through FE-SEM micro-
graphs. The undoped AZO powder exhibits a hollowed and
tower-like structure with around 1 pm diameter, as revealed by
the FE-SEM images. The diameter of the pores inside the tower
is approximately 800 nm. As the SPS temperature increases, the

Solid phase

Micropore

Fig. 2 Porous structures defined by (IUPAC): microporous (pore size < 2 nm), mesoporous (2—50 nm), and macro-porous (>50 nm).*®
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SPS-1000

SPS-800

Fig. 3 FE-SEM of Al-doped ZnO(AZO) sintered in SPS at various temperatures. Reprinted with permission from.>* Copyright 2020, American

Chemical Society.

samples become denser, and the inner diameter of the hollow
tower decreases significantly. Despite sintering the sample at
400 °C, the hollow structure remains stable, as observed in the
FE-SEM in Fig. 3. After sintering above 800 °C, porosity reduces
rapidly, and the structure becomes almost compact solid at
1000 °C, as shown in the FE-SEM images in Fig. 3.

Fig. 4(a) displays the interdependence of temperature and
total thermal conductivity. The results indicate a decrease in
thermal conductivity across all samples with increasing
temperature. The FE-SEM in Fig. 3 shows that the high porosity
in AZO may be attributed to the hollow tower, whereas the pores
inside the tower were much smaller. Consequently, the hollow
structure within the tower acts as a more efficient phonon
scattering center, which causes a considerable reduction in
thermal conductivity. When sintered at extremely high
temperature, i.e. 1000 °C, small pores or voids still existed,
which acted as centers for phonon scattering, and could explain
the decrease in thermal conductivity up to 20.6 W m ' K * at
room temperature. As shown in Fig. 4(b), the ZT graph showed
an increase in Z7T with temperature due to the decrease in
thermal conductivity in all samples. High porosity in Al-doped

25 T . . . :
—l— SPS-400°°C —@— SPS-500°C

20t A\— SPS-600°C —§F—SPS-700°C |
+SPS 800 °C —@— SPS-900°C

151 ——SPS-1000°C

x,, (Wm'K")

300
Temperature (°C)

400

Fig. 4

ZnO is shown to effectively suppress lattice thermal conduc-
tivity, thus holding the potential to significantly improve ther-
moelectric performance. However, the highly porous sample
has low thermal conductivity but exhibits relatively poor elec-
trical conductivity. Upon sintering at elevated temperatures,
there is a noticeable increase in thermal conductivity, along
with substantial enhancement in electrical conductivity. The
enhancement in electrical conductivity with increasing sinter-
ing temperature, observed in both Al-doped and undoped-ZnO,
is likely attributed to an increase in carrier concentration. As the
sintering temperature increases, the gradual removal of defects
leads to an increase in carrier concentration, thereby greatly
enhancing electrical  conductivity. high-
temperature sintering may generate oxygen vacancies, acting
as donors in ZnO and contributing to the overall increase in
carrier concentration. For the sample sintered at 1000 °C,
electrical conductivity experiences a notable increase, while the
lattice thermal conductivity remains relatively low due to
residual pores. Particularly, the numerous small pores or voids
were identified through positron annihilation measurements.
Combining these findings, the resulting ZT value attains 0.275

Conversely,

(b)
0.30 - - r r T
—— SPS-400°C
—@— SPS-500°C

SPS-600°C
—W— SPS-700°C
—4— SPS-800°C
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Interdependence of temperature and (a) thermal conductivity and (b) ZT of sintered 2 at% Al-doped ZnO at different temperatures.

Reprinted with permission from.>* Copyright 2020, American Chemical Society.
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Nanostructured Bi,Te,
with Porous Structure

SPS

Fig. 5 Graphical abstract of Bi,Tesz pellets synthesis using a solvothermal approach assisted with spark plasma sintering. Reprinted with

permission from.>* Copyright 2019, American Chemical Society.

at 500 °C for the sample sintered at 1000 °C. However, when
compared to previously reported studies on ZnO porous mate-
rials, the performance of porous ZnO falls short of expectations.
The reported data indicate an achieved ZT of 0.52 at 826 °C.**

Nanoscale porosity in Bi,Te;

Wang et al.*® prepared porous n-type Bi,Te; pellets using the
solvothermal approach, as shown in Fig. 5. Bismuth and tellu-
rium oxides were added into the solution of poly-
vinylpyrrolidone and ethylene glycol. To create an alkaline

Porous
Structure

environment, NaOH was also added into the solution and stir-
red for several minutes before placing it inside the autoclave.
The autoclave was heated up to 210 °C for several hours and
then placed at room temperature. After cooling, the sample was
washed several times and then dried at 60 °C. To measure
thermoelectric properties, the sample was sintered via SPS for
5 h at 300 °C to form a solid consolidated pellet.

The SEM of the synthesized Bi,Te; sample is presented in
Fig. 6(a)-(c), revealing hexagonal nanoplates. The thickness is
around 20 nm, as shown in the inset of Fig. 6(c). The sintered

}
',S#i:::;)
':F“‘ S00nm

200nm |

Fig.6 SEMimages: (a) as-synthesized Bi,Tes nano powder; (b) enlarged view of the selected area from image (a); (c) further enlarged view of the
selected area from (b); (d) porous Bi,Tes after sintering; (e) enlarged view of the selected area in (d); and (f) enlarge view of selected in (e).
Reprinted with permission from.*> Copyright 2019, American Chemical Society.
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Interdependence of temperature and (a) thermal conductivity and lattice thermal conductivity and (b) ZT of the as-sintered nano-

structured porous Bi,Tez pellet compared with dense nanostructured Bi,Tes. Reprinted with permission from.*® Copyright 2019, American

Chemical Society.

Bi,Te; nanostructured pellet is displayed in Fig. 6(d)-(f). Sin-
tering caused the sublimation of Bi,TeOs5 inducing pores into
the Bi,Te; pellets, which clearly shows a porous structure with
pores that are uniformly distributed throughout the structure.
Fig. 6(f) depicts a typical pore size of 400 nm in the matrix. The
thermal measurements reveal that the thermal conductivity of
the sintered porous Bi,Te; decreased as the temperature
increased from 300 to 560 K. The smallest value of thermal
conductivity was measured at approximately 0.5 Wm ™' K" and
418 K, as shown in Fig. 7(a).

The decrease in thermal conductivity is mainly due to the
incorporated porosity, which leads to a large decrease in the
lattice part of the thermal conductivity, as depicted in Fig. 7(a).
The porous structure effectively scatters phonons at grain
boundaries and the interfaces of pores, resulting in an
extremely low lattice thermal conductivity of less than 0.1 W

m~' K at 370 K. This ultimately leads to an improved ZT value
of approximately 1, as shown in Fig. 7(b).

Porous In,0; using template synthesis techniques

Du et al>® prepared mesoporous In,O; using a template
synthesis method. In(NO3);-4-5H,0 was mixed in ethanol with
the subsequent addition of the KIT-6 template. An oil bath was
used to stir the mixture at 45 °C to remove ethanol. The ob-
tained residual was kept for 3 h at 250 °C to convert In(NO3);
into In,0;. NaOH was used as a leaching agent for 24 hours to
remove the KIT-6 template. The solution was collected by
filtration, rinsed with distilled water, and dried for 24 hours at
100 °C to form light yellow powder. The mesoporous In,O3
powders were then manually ground in an agate mortar for 10
minutes, and pellets were prepared by pressing under a static
pressure of 20 MPa for 10 minutes to prepare the samples for

Fig. 8 HRTEM images of (a) 50 °C-1n,O3 and (b) 100 °C-In,0=. Copyright 2019, Elsevier.5®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9
nanocrystals. Copyright 2019, Elsevier.>®

further characterization. HRTEM images of 50 °C-In,O3 and 100
°C-In,0; are presented in Fig. 8, which reveals that the porosity
of In,0; decreases from approximately 44% at 50 °C to 40% at
100 °C. It can be observed that both samples contain ordered
pores, with 100 °C-In,O; exhibiting a higher degree of pore
ordering than 50 °C-In,O3.

Fig. 9(a) depicts the thermal conductivity of In,O3 samples.
It is clear from the graph that the thermal conductivity of each
sample decreases consistently as the temperature increases.
However, for sintered In,O3; nanocrystals (SPS-600, SPS-800,
and SPS-900), thermal conductivity increases with sintering
temperature. For instance, the thermal conductivity of SPS-
600 is 2.28 W m~* K !, which increases to 9.8 W m~* K !
and 12.6 W m~" K" at room temperature as the sintering
temperature increases to 800 °C and 900 °C, respectively.
Interestingly, the thermal conductivity of the two mesoporous
In,0; samples decreases significantly compared to the sin-
tered In,O; nanocrystals. For example, the thermal conduc-
tivities of 50 °C-In,0; and 100 °C-In,0; are 0.86 Wm ™ * K *
and 0.58 W m™ ' K~ ' at room temperature, respectively, which
are lower than that of SPS-900. This shows that a major factor
in lowering thermal conductivity is relative porosity, where

NaCl or PVA
R ®
® o ® O :

PbTe

Fig. 10
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Temperature (°C)

Interdependence of temperature and (a) the total thermal conductivity and (b) ZT factor of mesoporous In,O= and SPS-treated In,O3

increased porosity results in lower thermal conductivity.
From 50 °C to 300 °C, the ZT values of both mesoporous In,0;
and SPS-treated In,O; nanocrystals are depicted in Fig. 9(b).
The ZT of each of the In,0; samples exhibits a monotonic
increase with temperature. However, the increase in ZT values
is particularly noticeable in the 50 °C-In,O; sample, that is
0.08 at 300 °C, which is almost three times higher than that of
900 °C SPS-treated nanocrystals. These results suggest that,
despite the decrease in electrical conductivity due to the
introduction of a pore structure, a considerable decrease in
thermal conductivity leads to a substantial improvement in
ZTvalues. Nevertheless, when compared to other oxides, such
as La, ,Sry 3sMnO;, In,O; has demonstrated an enhancement
in its ZT value, which is primarily attributed to the incorpo-
ration of pores. La, ;Sr, 3MnO;3, for instance, achieves a ZT
value of 0.017 at 326 °C.*”

Sonication-assisted synthesized porous PbTe

Hawng et al.*® prepared porous PbTe using PVA and NaCl as
sacrificial materials, as illustrated in Fig. 10. Pb powder and Te
powder were mixed and placed inside a silica tube in a box
furnace at 1323 K for 10 h to melt them; then, they were allowed

After treatment
(sonication in water)

Pore

PbTe

Ilustration of pore generation in the host matrix (PbTe) using sacrificial materials (PVA and NaCl). Reproduced from ref. 58.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.11 SEMimages: PbTe-PVA (a) prior to sonication, (b) post sonication, PbTe—NaCl, (c) prior to sonication and (d) post sonication. Reproduced

from ref. 58.

to cool to ambient temperature. A ball mill is used to grind the
obtained ingot of PbTe into fine powder. Further, NaCl and PVA
are mixed with PbTe using a high-energy ball mill, followed by
the SPS technique to consolidate into a disk shape. As PVA and
NacCl are highly soluble in water, disk-shaped PbTe-NacCl pellet
and PbTe-PVA pellet were placed inside water for sonication to
remove PVA and Nacl to form pores.

25+ 2
(@) e
-@- PbTe + PVA
i >~ Sonicated PbTe + PVA
-m- PbTe + NaCl
2.0 |- —3— Sonicated PbTe + NaCl |

Kiotal (W m™! K_l)

Seebeck coefficient (pV K™

0SbY4————T—F—"T

300 400 500 600 700 800

Temperature (K)

The SEM results of densified PbTe-PVA and PbTe-NacCl
samples are shown in Fig. 11(a) and (c) with a high density of
98%, respectively. However, after sonication, the densities
decreased to 96% and 95% for each sample. Fig. 11(e) and (d)
clearly show the presence of pores with sizes ranging from
200 nm to 2 micrometers, indicating that the sonicated samples
have porosity of approximately 7.3%.

'S
S
(=]
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[=3
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Fig. 12 Interdependence of temperature and (a) total thermal conductivities and (b) Seebeck coefficient value before and after sonication of

PbTe samples. Reproduced from ref. 58.
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Fig.13 FE-SEM images of NaCl-(Bi,Sb),Tes composite samples without washing: (a) DO.5 and (c) D1.5. NaCl grains are circled. FE-SEM images of
(Bi,Sb),Tes composite materials after washing: (b) D1.0 and (d) D2.0. The insets in (b) and (d) represent the statistical pore size distribution of each
sample. Reproduced from ref. 59.

Fig. 12(a) shows that the formation of pores can be
confirmed through thermal conductivity data. Throughout the
measured temperature range, the thermal conductivities of
PbTe-NaCl and PbTe-PVA are smaller than that of bulk PbTe,
indicating that these pores act as phonon scattering centers. It
is noticeable that sonication significantly reduced the thermal
conductivity of PbTe-NaCl and PbTe-PVA, which suggests that
the presence of pores induced strong phonon scattering,

—&—D0.0

320

360 400 440 480
Temperature (K)

thereby minimizing the path for phonon transport. Fig. 12(b)
shows that the introduction of porogens into the PbTe host
matrix caused a change in the Seebeck coefficient values due to
differences in the density and physical properties of PbTe and
porogens. However, after sonication, the values of the Seebeck
coefficient remain like the bulk PbTe matrix, indicating that the
method of pore generation presented does not significantly
increase the thermopower of the PbTe host.
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Fig. 14 Dependence of temperature on (a) total thermal conductivity and (b) ZT. Reproduce from ref. 59.
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Fig. 15 SEM images of (a) AS-373, (b) AS-423, (c) AS-473, (d) AS-573, (e) AS-673, and (f) AS-773. Highlighted areas in (e) and (f) show the pores
within the particles. Reprinted with permission from.5* Copyright 2020, American Chemical Society.

Incorporating porosity in (Bi,Sb),Te; using NaCl as a porogen

Hao et al® prepared porous p-type (Bi,Sb),Te; using the
mechanical alloying method. (Bi,Sb),Te ingots and NaCl
powder porogens were placed inside the stainless-steel jar in the
presence of an argon atmosphere. Ball milling was performed at
a milling speed of 470 rpm for 10 h. The obtained sample from
milling was placed inside a high pressure sintering (HPS)
apparatus at 3.2 GPa and 700 K for 15 min. After HPS, the
sample was washed using an ultrasonic bath to remove NaCl
and form a porous structure. Fractured surfaces were examined

1.05}
< 0.90} ‘}
X
2 ' !
2 0.750 + !
: m AS-373 v AS-673
0.60} o AS-473 ¢ AS-773
A AS-573
300 320 340 360 380 400
T (K)

Fig. 16
American Chemical Society.

© 2024 The Author(s). Published by the Royal Society of Chemistry

using FE-SEM images, as presented in Fig. 13. The pointed
circles in Fig. 13(a) and (c) show the distribution of NaCl grains
before sonication. The SEM image revealed the presence of two
types of pore structure, namely closed pores and through pores,
which were formed because of the removal of NaCl through
ultrasonication, as depicted in Fig. 13(b) and (d). This resulted
in the successful formation of porous (Bi,Sb),Te; through
ultrasonication. The size distribution of the pores in the
samples is depicted in the insets of Fig. 13, where the pore size
ranges from 10 nm to 300 nm.

(b)
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N
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Interdependence of temperature with (a) total thermal conductivity and (b) ZT. Reprinted with permission from.®* Copyright 2020,
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The thermal conductivity of all the samples is depicted in
Fig. 14(a). It is observed that as the temperature increases, there
is a prominent reduction in thermal conductivity. This decrease
is due to increased porosity, as this enhances phonon scat-

tering. At 493 K, when porosity increases from 10% to 39%,

[{ec

thermal conductivity decreases from 0.67 to 0.39. This shows

how porosity affects the overall thermal conductivity of the
samples. The ZT values increase considerably as the tempera-
ture increases, as shown in Fig. 14(b). It is observed that the ZT
values of porous samples are significantly increased compared

(@) 2F

Fig. 18

-/ Porous
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2021, American Chemical Society.
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Fig. 17 Pore fabrication for YbCd,Sb, via annealing to expel impurities (a); SEM images of the surface after 10 h annealing (b); and the cracked
surfaces of YbCd,Sb,-dense (c) and porous (d). Reprinted with permission from.®* Copyright 2021, American Chemical Society.

to the dense sample from 373 K to 493 K. Among them, the D1.0
sample has the maximum ZT value (1.05) at 493 K, which is 33%
higher than that of the D 0.0 sample (ZT = 0.79). However,
compared to compact structures of Sb-based materials, AgSbTe,
demonstrates an almost 1.5 ZT at near room temperature,
which is a considerably high value compared to porous
(Bi,Sb),Te; structures.®® However, there can be numerous other
parameters that need to be considered, such as synthesis
conditions and slight variations in compositions.

(b)
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Interdependence of temperature and (a) total thermal conductivity and (b) calculated ZT. Reprinted with permission from.®* Copyright
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Fig. 19 (a) TEM image of the porous Bis g Te 565€0.44 Nanocomposite (400 °C-sintered); (b) 400 °C-sintered pellet and cylinder, scale bar 10
mm; (c) low-magnification TEM images of Bi,Te, 5Seq 5 hollow nanorods and (d) SEM image of the FIB-cut specimen from the 400 °C-sintered
disk, scale bar 2 mm. Reprinted from,®* copyright (2023), with permission from Elsevier.

Porous n-type B-Ag,Se of hierarchical structure

Chen et al® prepared porous n-type B-Ag,Se using wet
mechanical alloying method, followed by SPS sintering.
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Precursors, such as Ag powder, selenium powder and n-
heptane, were added inside a polyamide jar under the N,
atmosphere. Then, n-heptane was used to prevent excessive
cold-welding. Ball milling was performed at a speed of 500 rpm
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Fig. 20 Interdependence of temperature with (a) thermal conductivity and (b) calculated ZT of porous nanocomposite. Reprinted from,*

copyright (2023), with permission from Elsevier.
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for 8 h at 10 min intervals after every 20 min. To remove n-
heptane, the obtained sample was placed inside a vacuum oven
for 12 h at 343 K. Further, SPS at different temperatures was
used to densify the obtained sample into disk-shaped pellets.
This leads to porous B-Ag,Se formation with a hierarchical
structure. Fig. 15(a)-(f) shows the SEM of all the sintered
samples. According to the observations, the average size of
particles depicted in Fig. 15(a) is approximately 50 nm, indi-
cating that there was no noticeable change in grain size, due to
the fast-sintering process and low sintering temperature.
However, when the temperature was raised to 423 K, fused
nanograins with nanopores became visible, as depicted in
Fig. 15(b). On further increase in sintering temperature, the size
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(a) 3D pictorial representation of porous network generation during the Bils sublimation. SEM images of the fracture surface: (b) AD

of fused particles and pores also increased, as shown in
Fig. 15(c) and (d). Once the sintering surpassed 673 K temper-
ature, the particle size ceased to grow; nonetheless, the pores
continued to enlarge and damage the interfaces of adjacent
particles, as shown in Fig. 15(e) and (f).

Fig. 16(a) depicts the thermal conductivity of each sample. It
is evident that all samples have low thermal conductivity values,
measuring below 1 W m~" K. Specifically, AS-373 exhibits
a thermal conductivity value of approximately 0.87 W m ™' K *
ranging from 300 to 390 K, while the remaining samples exhibit
similar thermal conductivity values, ranging from 0.75 to
0.97 Wm ' K™ *. Among all the samples, AS-773 possesses the
lowest thermal conductivity value measuring from 0.75 to
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“l =<+ UADOVOI% —O—AD 0 vol%
=0+ UAD 0.7 vol% —O—AP 0.7 vol%
1.0 | =&+ UAD 1.0 vol% —4— AP 1.0 vol%

o
©
T

Figure of merit zT
o =)
> (<]
T T

pure Cu,,Sb,S4

o
N
T

1 1 1

0.0

1
400 600

500 700
Temperature (K)

Fig. 22
Reproduce from ref. 65.
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Interdependence of temperature with (a) the total thermal conductivity and (b) ZT value of tetrahedrites with different compositions.
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Fig.23 SEM micrographs of different samples before and after annealing. Cracked surface of CoSb; 75Sig.075T€0.175 Sample (a) prior to annealing,
also called pristine, and (b) after annealing, white circles mark the pores in the materials. (c) Nanometer-scale pores along grain boundaries are
observed in addition to micrometer-sized pores, while (d) indicates the absence of free Si and/or pores in CoSb; g75Sig 125 after annealing.

Reproduced from ref. 66.

0.87 Wm ' K * due to its high porosity and low density. The
reduction in the thermal conductivity value is due to the
following mechanisms: strong phonon scattering at the pore
interface, nano-sized grains, semi-coherent interfaces, high-
density dislocations, and localized strains.

Furthermore, Fig. 16(b) illustrates the ZT values. Except for
AS-373, the remaining samples exhibit high ZT values, indi-
cating that pore-size engineering enhances the transport prop-
erties of f-Ag,Se. This enhancement results in ZT values ranging
from approximately 0.7 to 0.9 in the range of 300-390 K, which
is consistent with findings reported in another study.®
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Fig. 24
Reproduced from ref. 66.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Formation of porous YbCd,Sb, using the annealing method

Feng et al.®* prepared porous YbCd,Sb, using a simple anneal-
ing method. In more detail, Yd, Cd and Sb were all sealed inside
a carbon-coated quartz tube and heated for 15 h at 1273 K, then
cooled down to 673 K in 1 h and annealed for 48 h. The
annealed ingot was ground into fine powder and sintered using
SPS under an inert atmosphere with an applied pressure of
50 MPa. The dense sample after SPS was again annealed for 10 h
at 773 K in a quartz tube under vacuum to remove impurities
and thus obtain a high density of strain lines with porous

"0 100 200 300 400 500
Temp. (°C)

Interdependence of temperature and (a) total thermal conductivity and (b) ZT value of skutterudite with different compositions.
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Fig. 25 Comparison between the bulk sample and porous sample of different thermoelectric materials reported in the literature. (a) Electrical
conductivities of almost all samples were compromised when porosity was incorporated as porosity obstructs the flow of electrons. (b) Thermal
conductivity of all the porous structures decreased due to the scattering of phonons at pore sites. However, the presence of voids or pores in
a porous structure limits the number of possible channels for these heat carriers to pass through the substance. (c) Seebeck coefficient bulk vs.
porous structures. (d) Figure-of-merit (ZT) values of most of the porous samples were slightly improved compared with those of bulk samples.

structure, as shown in Fig. 17(d). The SEM image of YbCd,Sb, in
Fig. 17(d) shows that there are different sizes of pores distrib-
uted on the fractured surface. The pre-annealed dense surface
of YbCd,Sb, was completely different (Fig. 17(c)).

Fig. 18(a) shows the thermal conductivity values of YbCd,-
Sb,-dense/porous samples. The thermal conductivity of the
porous-YbCd,Sb, sample was reduced by 16% over the entire
temperature range compared with that of dense-YbCd,Sb,. This
occurs because pores induce phonon scattering, thereby
leading to a decrease in thermal conductivity. Finally, the ZT
value of porous YbCd,Sb, becomes more than 1; this is greater
than the average ZT value of pristine p-AB,C,, which is 0.61, as
shown in Fig. 18(b).

Pelletized nanorods of BiTeSe into porous structures

Xu et al.** synthesized porous Bi,Te,sSe,s using the solution
synthesis method, followed by the SPS densification. Precursors
(such as TeO,, SeO,, KOH, and PVP) were mixed in ethylene glycol
and heated to 110 °C to create Bi-Te-Se. At 110 °C, N,H, - H,O was
injected into the solution and maintained the temperature at
110 °C for 1 h under the flow of nitrogen, which formed Te-Se
nanorods. In the next step, the obtained solution was mixed with
anhydrous N,H, and Bi(NOj3);- 5H,0 solution and placed for 1 h at

866 | RSC Sustainability, 2024, 2, 852-870

110 °C under nitrogen atmosphere to form Bi-Te-Se nanorods.
These nanorods were heated at 140 °C for another 3 h to obtain
hollow nanorods, as shown in Fig. 19(c). The obtained colloidal
dispersion was washed many times before being added to the
graphite die for SPS consolidation. In the last step, powder was
mixed with Te and sintered under a pressure of 40 MPa and
a temperature of 400 °C for 5 min in SPS, which resulted in
a porous nanostructure of Bi-Te-Se, as shown in Fig. 19(d).

Fig. 20(a) shows the variation in thermal conductivity with
temperature for the studied samples. The 400 °C-sintered
sample exhibited a decrease in thermal conductivity from
0.66Wm 'K 'at313Kto0.59Wm 'K ' at 438 K, followed by
an increase to 0.62 W m~ ' K™ * at 538 K. However, the sample
sintered at 350 °C reaches its minimum thermal conductivity
value of 0.48 W m~ ' K at 438 K. Fig. 20(b) shows the calcu-
lated ZT value. For the 350 °C-sintered sample, the ZT value was
0.61 at 313 K, which increased gradually as the temperature
increased until it peaked at 1.18 at 463 K. The ZT remained
above 1.0 in the range of 388 K-513 K. Similarly, a maximum ZT
value of 1.0 was also attained for the 400 °C-sintered sample.
The presence of large porosity, dislocation, grain boundary and
alloy mass disorder contributed to the low thermal conductivity
and high ZT.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@ and b) Bulk 3-dimensional silicon nanoparticle synthesized via metallic melt dealloying. SEM images with EDX mapping: (c) Si/Mg

precursor, (d) after immersion in Bi, and (e) post etching. Reprinted with permission from.®” Copyright 2014, American Chemical Society.

Porous Cu;4 ;Nig 5Sb,S;3-x via sublimation

Hu et al® prepared porous CujqsNipsSbsSi3-x using the
mechanical alloying method, followed by SPS sintering, as
illustrated in Fig. 21(a). Raw materials (such as Cu, Sb, Ni, and
S) were added into a stainless-steel jar along with sacrificial
material (Bil;) according to composition in the presence of inert
gas. Mechanical alloying was carried out for 10 hours at
460 rpm. The obtained powder was loaded inside a graphite die
for SPS under a pressure of 50 MPa for 5 min at 723 K. Finally,
the obtained sample was annealed to sublimate Bil;, which
resulted in a porous microstructure, as shown in Fig. 21(c).
Fig. 22(a) shows the thermal conductivity of the annealed
and unannealed samples. The UAD and AP 0.7 vol% had the
lowest thermal conductivity at 723 K, measuring 0.82 W m ™"
K, a36% decrease from the UAD 0 vol% sample. At 573-723 K,
the dense UAD x vol% (x = 0.7, 1.0) samples sharply reduced,
indicating that additional phonon scattering centers were
formed. The thermal conductivity of porous AP x vol% (x = 0.7,
1.0) samples remained below 0.9 W m ' K * over the entire
temperature range. Engineering hierarchical structures and
pores within the structure significantly reduced lattice thermal
conductivity, and a higher weighted mobility also led to a high

© 2024 The Author(s). Published by the Royal Society of Chemistry

ZT value of 1.15 at 723 K in porous AP 0.7 vol%, which was also
an increase in UAD 0 vol% of 47.8%, as presented in Fig. 22(b).

Nano-micro-porous skutterudites

Khan et al* prepared powder samples that had nano to
micrometer size pores. Samples were placed in a quartz tube at
1050 °C for 5 hours. Subsequently, the furnace was cooled to 800 ©
G, kept for 2 hours, cooled to 600 °C and kept for 15 hours. After
grinding the obtained powder, the sample was again pressed
using cold isostatic pressing, and the above heating cycles were
repeated using the same furnace. Following the sintering process,
the samples were prepared for analysis. Fig. 23(a) depicts the SEM
analysis of the sample before annealing, revealing no visible
porosity. However, after annealing, pores were generated, as
illustrated in Fig. 23(b) and (c).

As illustrated in Fig. 24(a), the temperature dependence of
the thermal conductivity is presented. The pristine sample
demonstrates the highest thermal conductivity value, while
samples after annealing exhibit relatively lower values. This
decrease is primarily attributed to the presence of pores, which
serve as additional scattering sites for phonons, thereby
reducing the overall thermal conductivity. As depicted in

RSC Sustainability, 2024, 2, 852-870 | 867
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Fig. 24(b), these modified samples show over 100% enhance-
ment in the ZT value compared to pristine samples. It is note-
worthy that, to date, the highest reported ZT value for an
unfilled skutterudite stands at 1.6 around 500 °C for the
C0,3.4Sbeo 1 alloy.

The results of all the above-mentioned reports are summa-
rized, as depicted in Fig. 25. Slight improvement in ZT has been
successfully achieved by various researchers. However, no
breakthrough has been reported in introducing a paradigm
shift in porous thermoelectric research. In almost all these re-
ported works, electrical properties were compromised due to
porosity incorporation, as shown in Fig. 25(a).

To achieve better performance of thermoelectric structures,
it is necessary to suppress thermal conductivity without
compromising electrical transport properties. In such
a scenario, atomic scale-controlled porosity is desired in struc-
tures to effectively control the lattice part of thermal conduc-
tivity without compromising composition and density.
Recently, scientists from Tokyo university®” unveiled a new
mechanism to introduce controlled porosity in binary alloy
systems using the dealloying technique, as illustrated in Fig. 25.
The system used in this method was Si-Mg-Bi. Initially, the Si-
Mg precursor was dissolved into the Bi melt. According to the
phase diagram, Mg-Bi can form a homogeneous mixture, while
Si-Bi was immiscible. Using this approach, Mg acted as
a sacrificial element, while Si formed a porous structure using
Bi as a dealloying melt. The precursor dissolved into the Bi melt
when submerged, and the void was filled with Bi atoms etched
away after drying, forming 3D porous Si (Fig. 26).

The technique is effective for controlling atomic scale porosity
in the binary system but is not easy for ternary alloy systems and
cannot be effective for dense structures. It is difficult to obtain
reasonable results if the same technique is applied to thermo-
electric structures. Herein, we propose self-sacrificial element
incorporation techniques to achieve controlled porosity without
compromising the density, composition, and compactness of the
structure. In the proposed scheme, the Se amount is intentionally
kept higher than the stoichiometric in the Cu,SnSe;. During SPS
sintering, the extra Se escapes from the matrix and hence leaves
the Cu,SnSe; structure with porosity, while the density and
compactness are preserved. In this way, it is possible to achieve
effective phonon scattering while preserving the electronic trans-
port properties of the structure, thereby independently controlling
the lattice part of the thermal conductivity. Our group is working
on this idea and has already achieved the initial objectives, while
the work is continued to explore it in more depth.

Conclusion

In this work, the effect of porosity on thermoelectric perfor-
mance is explored in more detail with the help of previous
studies conducted in this domain. This paper summarizes the
research already conducted on porous thermoelectric materials
and provides an in-depth analysis of the effect of porosity on
thermoelectric performance. The effort is to explore the
potential of porous thermoelectric structures and give future
prospectives in this important area of thermoelectric research.
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To achieve high ZT values, it is pertinent to suppress the
thermal conductivity without compromising electrical transport
properties. In such a scenario, atomic scale-controlled porosity
is desired in structures to effectively control the lattice part of
thermal conductivity without compromising composition and
density. Despite the progress made in porous thermoelectric
materials research, several challenges still need to be
addressed. One of the major challenges is producing atomic
scale porosity without compromising the overall density of the
structure. To tackle this issue, we suggest self-sacrificial
element incorporation techniques to achieve controlled
porosity without compromising the density and composition of
the structure. We believe that this work will serve as a better
guide for researchers interested in exploring the potential of
pores in thermoelectric research.
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