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This review paper summarizes and discusses the effect of nanosized fillers on bismuth telluride
nanocomposites for thermoelectric applications. Classified into various dimensions based on electron
confinement in space, the nanofiller effect on the figure-of-merit value is studied. By combining experi-
mental data with theoretical models, the mechanisms for enhancing the thermoelectric properties were
proposed. The outcomes of this review paper suggest that doped bismuth telluride composites (doped
with selenium for n-type or antinomy for p-type) offer better thermoelectric properties compared to
undoped composites. Moreover, improvements in undoped bismuth telluride composites are exclusive
for the n-type only. The figure-of-merit value for bismuth telluride composites is less than two, where
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Nanofillers the 2D nanofillers show optimum ZT improvements. Nevertheless, the inconsistency of reported data
Figure-of-merit in the thermoelectric area is a problem that must be addressed to have more control over the precision

Composites of the reported results for a better understanding of the concepts in this field.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

AM&P  Agate mortar and pestle NP Nanoparticles

BM Ball milling NPL Nanoplatelet

CM Chemical method NR Nanorods

EGL Expanded graphene layer NS Nanosheets

FEP Facile electroless plating NW Nanowires

GML Graphene monolayer PF Power Factor

GNP Graphene nanoplatelets PRM Poly reduction method

GNS Graphene nanosheets RGO Reduced graphene oxide nanosheets

HFIHS  High-frequency induction heated sintering RM Reflexing method

HP Hot pressing SAP Self-assembly protocol

HTHP  High-temperature high-pressure synthesis SM Solvent mixing

HTS Hydrothermal synthesis SPS Spark plasma sintering

ISP In-situ process SSR Solid state reaction

MS Melt spinning SWCNT Single wall carbon nanotubes

MWCNT Multiwall carbon nanotubes us Ultra-sonification

NA Nano amorphous VF Vacuum filtration

ND Nanodot WCS Wet-chemical synthetic method

NI Nano inclusions
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1. Introduction

Thermoelectric (TE) materials are promising devices for reduc-
ing energy consumption through scavenging waste heat and con-
verting it into electrical energy. Despite the wide variety of TE
materials available, bismuth-telluride-based (Bi,Tes) alloys pre-
sent one of the most critical systems used for near room-
temperature applications (T < 250 °C) [1-3]. Bi,Tes alloys are cur-
rently employed in the area of medical appliances, microelectronic
devices, power generation, air conditioning, transportation, and
aerospace [2-4] (Fig. 1). However, the available products in these

areas are limited to low-voltage devices due to the insignificant
efficiencies of Bi,Tes alloys. Advancements in bismuth telluride
thermoelectrics have become the need of the hour in order to uti-
lize waste heat and overcome environmental problems such as cli-
mate change and global warming.

In general, the efficiency of a TE material is governed by the
magnitude of the figure-of-merit (ZT), which is defined as: ZT =
(S2oT)/x, where S is the Seebeck coefficient, ¢ is the electrical con-
ductivity, T is the absolute temperature, and « is the total thermal
conductivity. To produce an effective TE device with a high conver-
sion efficiency, a ZT value close to three is required [5]. However,
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Fig. 1. Thermoelectric applications of Bi,Tes alloys.
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most bismuth telluride alloys fabricated have a figure-of-merit
value of less than two, limiting their commercial usage [2,5].

Countless efforts have been made to enhance the TE properties
of bismuth telluride alloys. However, due to the interdependence
of the thermoelectric properties and the difficulty of controlling
them, only marginal ZT improvements are observed. To develop a
better understanding of the overall thermoelectric trends in bis-
muth telluride alloys and propose valid routes for improving their
efficiencies, several review articles have addressed various design
aspects of BiTes alloys. In particular, one design method that has
been extensively addressed is the nanostructuring of Bi,Tes alloys
[6,7]. Another recent review paper summarizes the strategies
employed for improving the TE properties of Bi,Tes, including tex-
ture alignment, nanostructuring, point defect engineering, and
bandgap enlargement [8]. Other papers discussed the effect of
the processing conditions [9] and the general developments made
to enhance Bi,Tes alloys [10].

Out of all the strategies developed for improving the efficiency
of bismuth telluride alloys, nano compositing owns quite a few
advantages. The preparation techniques utilized for producing
the nanocomposites (e.g., ball milling, hydrothermal synthesis,
compaction, etc.) are simple, low-cost approaches that can deliver
the large amounts of material needed for a wide-spread of thermo-
electric devices in the market. However, up to our knowledge,
there are no review papers dedicated to providing comprehensive
assessments on the factors affecting the thermoelectric properties
of Bi;Te; nanocomposites.

The aim of this review paper is to discuss the work done on the
nano compositing of bismuth telluride and the subsequent effects
on the thermoelectric properties. The main comparisons presented
are based on the different types of nanofillers used (1D, 2D, and
3D). The outcomes of this review article are critical as they com-
bine experimental data with theoretical models to provide an over-
view of the mechanisms taking place in bismuth telluride
nanocomposites, examine the selection choices of the different
nanofillers and matrixes used, discuss the research gaps in this
field, and offer future directions for producing efficient bismuth
telluride nanocomposites with high ZT values.

2. Compositing as a strategy for thermoelectric properties
improvement

The addition of elements or materials into bismuth telluride
results in either an alloy or a composite, and it is well-reported

Added element/material
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to be an effective way of enhancing the thermoelectric properties
[11]. However, the effect of each category varies depending on
the distinct microstructure formed. Fig. 2 illustrates the differences
between alloys, composites, and their subgroups. To lessen the
number of variables and fairly deliver critical conclusions, this
review paper is limited to the nano compositing of bismuth tel-
luride only.

Nano compositing is an innovative way of producing materials
with superior properties that cannot be achieved with individual
components. Nanocomposites consist of a matrix (e.g., bismuth tel-
luride alloy) and a nanofiller. The main idea behind nano composit-
ing is the induced selective scattering at the new interfacial areas
created between the matrix and the nanofiller [12]. This feature
makes it possible to reduce the thermal conductivity to a great
extent without sacrificing much of the electrical properties.

2.1. Matrix

The excellent TE properties of Bi;Tes alloys are a result of its lay-
ered rhombohedral structure. In the unit cell, bismuth (Bi) and tel-
lurium (Te) layers are stacked along the c-axis, where Van der
Waals bonding exists between every five atomic layers in the order
Te-Bi-Te-Bi-Te [13,14] (see Fig. 3). Alloying Bi,Te; with antimony
((Bi,Sb),Te3) or selenium (Biy(Te,Se)s) results in hole-conducting
or electron-conducting TE material, respectively. Bismuth telluride
alloys have good electrical performance (o reaching 10°> Sm/m?)
[9], large effective mass of charge carriers (0.76 m.) [15] and low
thermal conductivity (can go < 0.5 W/(m.K)) [8], making it an ideal
thermoelectric material.

2.2. Nanofillers

Since the discovery of nanomaterials, it is established that the
filler size could play a significant role in altering materials behavior
once modified at the nanoscale (<100 nm). The exclusive proper-
ties generated at the nanoscale are due to the electron confinement
in space, and they greatly depend on the material’s dimensions.
Moreover, based on the number of dimensions of a material that
are within the nanoscale range, they are classified into different
categories. Two-dimensional (2D) nanomaterials have only one
dimension within the nanoscale, one-dimensional (1D) nanomate-
rials have two dimensions in the nanoscale, while zero-
dimensional (0D) nanomaterials have all the three dimensions in
the nanoscale [16].
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Fig. 3. The crystal structure of bismuth telluride.

The physical and chemical properties of nanofillers are distinct
when compared to the same material in its bulk form. One impor-
tant physical property that is greatly influenced by the nanoscale is
the electrical conductivity. The motion of charge carriers within
the nanofillers is restricted to certain dimensions resulting in dras-
tic changes in the electronic transport performance. This phe-
nomenon is known as the quantum size effect. The confinement
of charge carriers in at least one dimension affects the density-
of-states and energy levels as presented in Fig. 4 [17]. This feature
allows for fixability in designing the electronic behavior as well as
in the bandgap of nanofillers.

Another important property of nanofillers is the increased reac-
tivity due to their small particle size accompanied by high surface
area. The Van der Waal forces existing between the nanoparticles
are dominant and have a high influence on the behavior of the
nanofillers. As the size of the material decreases to the nanoscale,
the surface area to volume ratio rises exponentially, leading to a
highly interactive nanomaterial with itself (agglomeration) and
with other materials (matrix within a nanocomposite) [18,19].

Other unique characteristics of nanofillers include tunneling of
charge carriers, increased interfacial area, enhanced chemical reac-
tivity, and improved adhesion forces. All the properties mentioned
here make nanofillers of various dimensions an interesting candi-
date to study. For these reasons, a significant number of research-
ers have investigated the influence of nanofillers on the TE
properties of bismuth telluride nanocomposites. These studies
are grouped based on the dimensionality of the nanofiller (0D,
1D, and 2D) and are summarized in Sections 3 and 4. In Section 5,

Bulk ;i 2D =

.

/
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a comprehensive analysis of the mechanisms leading to enhance-
ments in bismuth telluride nanocomposites is presented.

3. Bismuth telluride-based nanocomposites

This section describes the work done on nano compositing of
bismuth telluride and the subsequent effect on figure-of-merit
based on the various dimensions of nanofillers used.

3.1. Two - Dimensional nanofillers/bismuth telluride-based
nanocomposites

For 2D nanofiller/bismuth telluride nanocomposites, most stud-
ies focused on using graphene regardless of its form (graphene
monolayers, graphene nanosheets, reduced graphene oxides, and
expanded graphene layers). Two other studies have investigated
the addition of MXene [20] and polythiophene polymer nanosheets
[21]. However, the addition of 2D nanofillers to bismuth telluride
did not always improve the TE properties. Table 1 lists all the stud-
ies that attempted to enhance the thermoelectric properties using
2D nanofillers and their corresponding improvements in the ZT
values.

The usage of 2D nanofillers in bismuth telluride composites
revealed phenomenal results. The majority of graphene-based
nanocomposites showed enhancements in ZT. Few cases where
the addition of graphene did not show improvements in ZT repre-
sent the inferior concentrations in that particular study (since the
same studies reported improvements in ZT for other filler concen-
trations as presented in the first section of Table 1). The poor filler
concentrations in some cases were a result of the predominantly
high amounts of graphene (3-10 wt¥ filler). In a study by Ju and
Kim [24], high concentrations of RGO caused a reduction in the
Seebeck coefficient due to the bipolar effect. Other reasons for
the low ZT are increased thermal conductivity after graphene addi-
tion, as noticed by Liang et al. [4], and low electrical conductivity
due to agglomeration and carrier scattering as observed by Zhang
et al. [30]. Hence, adding graphene enhances the ZT of bismuth tel-
luride nanocomposites, but optimization of the filler content is
mandatory.

On another note, the nanocomposite prepared by Lu et al. [20]
presented the first evidence of remarkable improvement in the
thermoelectric properties through employing MXene (a transition
carbide, Ti3C;Tyx) as a 2D nanofiller. However, the usage of polythio-
phene nanosheets as a filler by Ao et al. [21] resulted in exception-
ally low electrical conductivity and Seebeck coefficient values due
to the poor conductivity of the organic polymer, hence a low ZT.

Enhancement in the figure-of-merit values using 2D fillers is
incredible. Using graphene with undoped Bi,Tes alloy showed
improvements ranging from 25% up to 587%. Only one study inves-
tigated the effect of graphene addition to doped n-type Bi,(Te Se)s
matrix and showed 100% improvement in ZT, reaching a final value
of 0.8. For doped p-type (Bi.Sb),Te; nanocomposites, the maximum
improvement was 53%. However, all the composites resulted in an
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Fig. 4. The electronic density-of-states based on the dimensionality of the filler.
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Table 1

2D nanofiller/bismuth telluride nanocomposites.
Matrix (type) Type Filler Filler content Optimum Mixing method Temperature range (K) Optimum improvement Reference

filler content in ZT (improvement at RT) (year)

Improved cases
Bi,Tes n GML 0 - 0.05 wt% 0.05 wt% AM&P and pressed 300 - 480 0.68 — 0.92 at 402 K [22] (2016)
Bi,Tes n GNS 0, 0.5, 0.75 and 1.5 vol% 1.5 vol% US, BM, pressed and sintered 300 - 525 0.08 — 0.55 at 500 K (0.1 — 0.29) [23](2018)
Bi,Tes n GNS 0 and 0.2 vol% 0.2 vol% HTS and SPS 300 - 480 0.16 — 0.21 at 475 K (0.1 - 0.14) [4] (2013)
Bi,Tes n GNS 0 and 5 vol% 5 vol% SSR, pressed and sintered 5-350 (0.3 - 0.45) [13](2010)
Bi,Tes n RGO 0,0.5 and 1 wt% 1 wt% WCS, pressed and sintered 300 (0.24 - 0.3) [24] (2016)
BiyTes; (NW) n RGO 0, 0.5, 1 and 3 wt% 1 wt% WCS, pressed and sintered 300 (031 - 0.4) [24] (2016)
Bi;Te; (NW) n RGO 0,05,1,3,5and 10 wt% 0.5 wt% WCS, pressed and sintered PF: 600 — 688.9 uW/mk? at 300 K [25] (2015)
Bi,Tes (NS) n RGO Without & with graphene  with graphene RM and pressed 300-380 0.22 - 0.35 at 343 K(0.12 - 0.23) [26] (2018)
Bi,Tes n RGO 0,0.25,5 and 1 wt% 0.25 wt% US and HP PF: 1267 — 1329 uW/mk? at 423 K [27](2019)
Bi,Te;Seo3 n GNS 0, 0.05 and 0.5 wt% 0.05 wt% BM and SPS 300-573 0.4 - 0.81 at 433 K (0.66 — 0.5) [28] (2021)
Bip.4Sb; 6Tes p GNS 0,0.1,0.2, 0.3 and 0.4 vol% 0.4 vol% CM and HP 300-498 134 > 1.54at 440 K (1 - 1.1) [29] (2015)
Big4Sbq sTes p GNS 0, 0.02 and 0.05 wt% 0.05 wt% BM and HPHT 323-500 1.09 — 1.26 at 423 K (0.96 — 1.13) [30] (2017)
Bi.4sSb1.52Tes p GNS 0, 0.05, 0.1 and 0.15 wt%  0.05 wt% ZM and SPS 300-550 0.9 - 1.25at 320K (0.85 - 1.2) [31] (2016)
BigsSby sTes p GNP 0, and 0.5 vol% 0.5 vol% BM and HFIHS 300 - 475 0.89 — 1.2 370 (0.71 - 0.95) [32] (2019)
Bip36Sb164Tes (NR) p RGO 0, 0.1, 0.4 and 0.8 vol% 0.4 vol% MS and SPS 300-473 1 - 1.16 at 393 K (0.8 — 0.98) [33](2017)
BigsSbisTes (NPL) p EGL 0, 0.1, 0.3 and 0.5 vol% 0.1 vol% BM and SPS 300 - 480 0.74 - 1.13 at 360 K (0.7 - 1) [34] (2015)
Bip.4Sb; sTes p MXene 0, 0.5, 1 and 2 vol% 1vol% SAP and SPS 300-475 1.13 - 1.3 at 400K (1 — 1.16) [20] (2020)
Unimproved cases
Bi,Tes n GNS 0, 0.1 and 2 vol% - HTS and SPS 300 - 480 - [4] (2013)
Bi,Tes n RGO 0,3,5and 10 wt% - WCS, pressed and sintered 300 - [24] (2016)
Bi;Te; (NW) n RGO 0,5 and 10 wt% - WCS, pressed and sintered 300 - [24] (2016)
Bi,Te; (NP) n Polythiophene nanosheets 0, 5, 20, 25, 30 and 40 wt% - AM&P and SPS 300-473 - [21](2011)
Big.4Sby sTes p GNS 0 and 0.1 wt% - BM and HPHT 323-500 - [30] (2017)
BipsSby sTes p GNP 0 and 1 vol% - BM and HFIHS 300-475 - [32] (2019)
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optimum figure-of-merit value that was greater than 1 as their
base alloy had high ZT values initially. Moreover, using MXene as
a nanofiller showed an improvement of 15%, reaching a final ZT

value of 1.3. The effective usage of MXene presented a great poten-
) PTINeE R egRg tial of utilizing a new 2D material (other than graphene) in this
__________________ field. The discussed figure-of-merit improvements prove that 2D
nanofillers are an effective addition for enhancing the TE behavior
of bismuth telluride nanocomposites.

Reference
(year)

3.2. One - Dimensional nanofillers/bismuth telluride-based
nanocomposites

For 1D nanofillers, almost all studies focused on carbon nan-
otubes, either single or multiwall. Three other studies have
explored different 1D nanomaterials, which are silver nanowires
[35], zinc oxide nanoribbons [36], and rice-like polyaniline [37].
Table 2 summarizes 1D nanofillers-bismuth telluride nanocompos-
ites and their consequent effect on the ZT value.

Enhancements in the figure-of-merit values are quite noticeable
for 1D filler composites where the majority of the cases utilized
CNTs. By using MWCNT with undoped Bi,Te; matrix, different
research groups obtained >50% improvement for the optimum fil-
ler content obtained in each case [40-42]. However, their final ZT
values were all less than one as the base alloy had low ZT values
of 0.52 [40,41] and 0.24 [42]. Other studies used the same filler
with doped n-type Biy(Te,Se); matrixes, but their enhancement
in ZT was diverse. Park et al. [44] obtained a final ZT of 0.98 for
the optimum filler content (0.015 vol%), getting only 11% enhance-
ment compared to the pristine sample. However, Kim et al. [41]
had a 78% improvement starting with a lower ZT value for the
matrix (0.52), reaching a comparable ZT value of 0.93. Three more
groups used a doped p-type (BiSb),Te; matrix with the same filler
as well. Even though all three groups produced their nanocompos-
ites via ball milling (different conditions), only one group had a
noticeable improvement of 42% and ZT > 1 [47], while others barely
had an improvement [45,46]. In a single case where MWCNTs were
used, a reduction in ZT is noticed for the high filler concentrations
only [45].

Few other studies used SWCNT as a 1D nanofiller, and out of the
five cases, only two showed improvements in ZT. In these two
studies, Zhang et al. [38] got an improvement of 29%, reaching a
ZT > 1, while Ahmed et al. [39] reached 500% improvements
obtaining a low final ZT of 0.53 due to the poor ZT of the base mate-
rial. Other cases that showed a reduction in ZT used SWCNT with
undoped Bi,Te; matrixes (n- and p-types) and noticed a significant
drop in electrical conductivity. A study used a doped p-type (Bi -
Sb),Tes; matrix and their reduction in ZT was due to the diminished
carrier concentrations [49].

Furthermore, Zhang et al. [35] obtained an outstanding ZT
improvement of 343% using silver nanowires but reached a maxi-
mum ZT value of 0.71. The remaining categories of 1D nanofillers
(ZnO NR and rice-like polyaniline) had a large bandgap which low-
ered the electrical conductivity greatly, resulting in no improve-
ment in ZT values. Compared to 2D, general trends depict that
2D nanofillers could reach higher overall ZT values than 1D.

0.087 — 0.53 at 420 K (0.092-0.32)
0.52 - 0.85 at 473 K (0.28 — 0.48)
0.52 - 0.79 at 473 K (0.28 — 0.47)
0.24 - 0.36 at 333 K (0.21 — 0.29)
0.88 — 0.98 at 423 K (0.57 — 0.62)

(0.0037 - 0.00352)

1 1.1at 347 K
1.03 - 1.47at 378 K (0.93 — 1.41)

Optimum improvement in ZT

0.99 —» 1.28 at 282 K (1 — 1.24)
0.16 —» 0.71 at 475 K (0.11 — 0.31)
0.52 - 0.93 at 473 K (0.28 — 0.51)

(improvement at RT)

Temperature
range (K)

2 -340K
300 - 525 K
298 - 498 K
298-473 K
295-340 K
PF: 130 —
140 uW/mk?
at 300 K
300-475 K
298-473 K
298 - 473 K
298 K

325 - 498 K
298 - 473 K
300-400 K
2-340K
300 - 500 K
298 K
300-500 K

US, BM, pressed, and sintered 303 K

BM and pressed
AM&P pressed, and sintered
BM, pressed and sintered

BM, pressed and HFIHS

US in ethanol, and pressed
BM and HP

AMS&P, pressed and sintered
US, pressed and HFIHS

Mixing method
CM and SPS

PRM and SPS
HTS and pressed
US and SPS

PRM and SPS
BM and HP

BM and HP

BM and HP

BM and HP

Optimum
filler
content
0.5 wt%
0.5 vol%
0.7 wt%
1wt
1wt
0.8 wt%
1.5 vol%
1wt
0.015 vol%
0.05 vol%
1 wt%
0.12 wt%

0, 0.36, 0.8, 3.2, 7 and 22.3 wt%
0, 0.01, 0.015, 0.03 and 0.15 vol%

0 and 0.05 vol%
0,0.5 and 1 wt%
With and without polyaniline

0, 0.5, 0.75, 1 and 1.5 vol%
0 and 0.7 wt%

0 and 1 wt%

0and 1 wt%

0,05, 1, 1.5, 2 and 2.5 vol%
0,1 and 5 wt%

0and 1 wt
0,0.012, 0.12 and 0.15 wt%

0, 0.5, 1.0, and 1.5 vol%
0, 0.15 and 0.25 wt%

0, 0.15 and 0.3 wt%
0 and 2 wt%

Filler content
0 and 0.5 wt%

0.7-1,4 nm)
2-10 nm)
20 nm)
30-40 nm)
0.7-1,4 nm)

=10-15 nm)
20 nm)

6-9 nm)

=50 nm)

5-30 um, d = 1-3 nm)

0.5-2 um, d

SWCNT (L = 1-10 um, d

MWCNT

2-3 um, d
10 > um, d
2-3 um, d
1-2 um, d
0.5-2 um, d

50 um, d
5 um, d

Rice-like polyaniline

SWCNT (L
SWCNT (L
SWCNT (L

SWCNT (L
MWCNT (L
MWCNT
MWCNT (L
AgNW (L
MWCNT (L
MWCNT (L
MWCNT
MWCNT
MWCNT
MWCNT
ZnO NR

3.3. Zero-dimensional nanofillers/bismuth telluride-based
nanocomposites

Type Filler

n
n
n
n
n
n
n
n
n
P
p
p
n
n
P
p
p
p

Numerous OD fillers have been utilized for bismuth telluride
nanocompositing. Most of these nanofillers are focused on carbon
(C) [22,48,50-55], silicon (Si) [56-62], and alumina (Al;03)
[45,63-65] nanoparticles. Other nanoparticles used include Ag
[66,67], B [68], CuGaTe, [69], Fe,05 [70], Fe-85Ni [70], LaFeSi
[71], Ni [72], Sby05 [73], Tay05 [74], TeO [75], TiC [76] and ZnO
[77]. Table 3 presents a summary of the studied 0D fillers-

Unimproved cases

Improved cases
Bi,Tes
Bi,Tes
Bi,Tes
Bi,Tes
Bi,Tes
Bi,Tes

BiTes
Big.4Sb1.6Tes
BiosSby sTes

BiyTes
Bi,Tes
Bi,Tes
Biy(Se,Te)s
Bi,Te;7Seq3
Big4SbysTes
Big.4Sb1.6Tes
Bip.4Sby6Tes3
(Bi,Sb),Tes

1D nanofiller/bismuth telluride nanocomposites.
Matrix

Table 2



Table 3

Zero-dimensional nanofillers/bismuth telluride nanocomposites.

Matrix Type Filler Filler content Optimum filler Mixing method Temperature range (K) Optimum improvement in ZT Reference (year)
content (improvement at RT)
Improved cases
Bi,Tes n Ag NP 0,0.5,1,1.5, 2,25 and 5 vol% 2 vol% CM and SPS 300-480 K 0.19 - 0.77at 475 K [66] (2015)
Bi,Tes n Al,03 NP 0 and 0.3 vol% 0.3 vol% PRM and SPS 300 - 500 K (0.16 - 0.2) [63] (2012)
Bi,Tes n SiC NP 0, 0.1 and 0.5 wt% 0.1 wt% BM and SPS 340-580 K 0.56 — 0.66at 440 K [60] (2006)
Bi,(Te,Se)s n Al,05; NP 0 and 0.5 vol% 0.5 vol% BM and HP 300 - 525 K 0.0029 — 0.0035 at 350 K [45] (2012)
Bi,Te;3Seq 7 n Ni NP 0 and 0.4 mol.% 0.4 mol.% US and HP 300 - 525K 0.47 — 0.66 at 425 K (0.28 — 0.45) [72] (2019)
BigsSbysTes p Al,03 NP 0, 0.3, 0.5 and 1 vol% 0.3 vol% BM and SPS 293-473 K 0.97 - 1.44 at 323 K [64] (2013)
BipsSbysTes p Ag NP 0.03 and 0.05 wt% 0.03 wt% FEP and SPS 300-500 K 0.55 - 1.07 at 373 K (0.61 —» 0.95) [67] (2017)
BigsSbysTes p B NA 0, 0.03, 0.04 and 0.06 wt% 0.04 wt% BM and SPS 300 - 545 K 1.04 - 1.76 at 395 K (1.05 — 1.56) [68] (2020)
BigsSbysTes p C NP 0and 1 wt% 1 wt% HTS, pressed and sintered 15.4 uW/mk? 8.3 - 15.4 [50] (2012)
(Bi,Sb),Tes p C60 0, 0.5, 5 vol% 0.5 vol% BM and SPS 0-300 K 0.77 - 1.02 at 295 K [52] (2012)
BigsSbysTes p C60 0, 0.5, 1.5, 1.7 and 3 vol% 0.5 vol% BM, pressed and sintered 300-600 K 0.45 — 1.16 at 460 K [51] (2011)
Big.4SbyTes P CuGaTe, NI 0, 0.2, 0.4 and 0.6 vol% 0.4 wt% BM and HP 300 - 487 K 1.02 - 1.53 at 487 K [69] (2019)
Big3Sby;Tes p LaFeSi NP 0, 0.1,0.2, 0.3 and 0.4 wt% 0.2 wt% US, pressed and sintered 300 - 500 K 0.99 - 1.10 at 379 K (0.79 — 0.87) [71] (2021)
BipsSbysTes p Sb,03 NP 0,1, 2, 4 and 6 wt% 4 wt% BM and SPS 300-475 K 1.15 - 1.52 350 K (1.17 - 1.38) [73] (2018)
Big.4Sby ¢Tes p Si NP 0, 0.3, 1 and 3 vol% 1 vol% BM and HP 300-375 K 1.08 - 1.32 at 350 K (0.98 — 1.18) [61] (2014)
Big4Sby¢Tes p Si NI 0 and 0.5 vol% 0.5 vol% BM and SPS 300 - 500 K 1.31 - 1.36 at 423 K [62] (2020)
BipsSbysTes p SiC NP 0, 0.05,0.1,0.2,0.5, 1,2 and 5 vol% 0.1 vol% BM and SPS 323-473K 0.88 —» 0.97 at 323 K [57] (2010)
Big3Sby 7Tes p SiC NP 0, 0.1, 0.3, 0.4 and 0.6 vol% 0.4 vol% BM and SPS 300 - 500 K 1.22 - 1.33 at 373 K (1.1 — 1.25) [58] (2013)
(Bi,Sb),Tes p SisN; NA 0, 0.22, 0.44 and 0.88 vol% 0.44 vol% BM and SPS 303-483 K 1.28 —» 1.37 at 383 K (1.01 —» 1.20) [59] (2015)
Big4Sby¢Tes p Si0, NA 0, 0.55, 1.1 and 2.2 vol% 0.55 vol% BM and SPS 293 - 390 K 1.15 —» 1.27 at 363 K (0.88 - 1.12) [56] (2013)
BigsSbysTes p Ta,05 NP 0,2 and 4 wt% 4 wt% BM and SPS 300-450 K (1.1 - 1.38) [74] (2017)
BigsSbysTes p TeO, NP 0 and 3 wt% 3wt BM and SPS 300-400 K 0.92 - 1.07 at 350 K (0.71 - 0.98) [75] (2018)
BigsSbysTes p ZnO NI 5 vol% 5 vol% BM and SPS 300 - 500 K 0.98 —» 1.28 at 340 K (0.95 —» 1.12) [77] (2016)
Unimproved cases
Bi,Tes n C60 0 and 7.5 vol% - BM and HP 210 - 298 K - [53] (2011)
Bi,Tes n CNA 0, 0.15 and 0.30 wt% - US, BM, pressed and sintered  30C - [48] (2017)
Bi,Tes n Graphite 0 and 0.05 wt% - AM&P and pressed 300 - 480 K - [22] (2016)
Bi,Te,;Seo 3 n SiC NP 0, 0.05, 0.1, 0.2, 0.5 and 1 vol% - BM and SPS 323 - 473 k - [57] (2010)
Bi,Te, 7Seo3 n ZnO NI 5 vol% - BM and SPS 300-500 K - [77] (2016)
Bi,Tes p C60 0, 2, 7.5 and 20 vol% - BM and HP 140 - 298 K - [53] (2011)
Big5Sb; sTes p Al,03 NP 0,2 ,4 and 6 wt% - BM and SPS 300 - 500 K - [65] (2019)
(Bi,Sb),Tes p C60 0,1, 8 wtk - BM and SPS 300 K - [55] (2010)
Big.4Sby gTes p C60 NI 0, 1 and 8 mol.% - BM and HP 10-300 K - [54] (2009)
Big.4Sby Tes p C60 NI 0, 0.01, 0.1, 1,5,8 and 10 mol.% - BM and HP 10-300 K - [54] (2009)
BigsSbysTes p Fe,03; NP 2 wt% - BM and SPS 300-400 K - [70] (2016)
BigsSbysTes p Fe-85Ni NP 2 wt% - BM and SPS 300-400 K - [70] (2016)
Big.4Sby Tes p Si NI 0, 0.1 and 1.5 vol% - BM and SPS 300 - 500 K - [62] (2020)
Big5SbysTes p TiC NP 0,1 and 2 wt% - BM and SPS 300 - 500 K - [76] (2019)
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Undoped:
—+—BizTes +0.05 wi% GML [22]
BioTes + 1.5 vol% GNS [23]
——BizTes + 0.2 vol% GNS [4]
—#—BizTes + RGO [26]
- ®-Bi:Tes + 0.7 wt% MWCNT [40]
® -BiTes + 1 wt% MWCNT [41]
-« ~BisTes + 1 wt% MWCNT [42]
- +-BisTes + 0.5 vol% SWCNT [39]
- ®-BiTes + 1.5 vol% AgNW [35]
~aeBisTes + 2 vol% Ag NP [66]
e BigTes + 0.1 wi% SiC NP [60]

Doped:
® Bio.ssSbi.eTes + 0.4 vol% RGO [33] & Bio.3Sbi.7Tex+ 0.4 vol% SiC NP [58]
Bio.4Sbu.¢Tes + 0.4 vol% GNS [29] -+ Bio.sSbi.sTes + 0.03 wt% Ag NP [67]

Bio.sSbi.sTes + 0.1 vol% EGL [34]
——Bio.sSbu.sTes + 0.5 vol% GNP [32]
® Bio.Sbi.¢Tes +0.05 wi% GNS [30]
——BixTez.sSeo. + 0.05 wi% GNS [28]
% Bio.aSbr.52Tes + 0.05 wt% GNS [31]
Bio.Sb1.¢Tes + 1 vol% MXene [20]
A Bio.sSbu.oTes + 1 wi% MWCNT [46]
=¥ -Bix(Se,Te)s + 1 wt% MWCNT [41]
- ¢ =Bi;Tez.7Seo.s + 0.015 vol% MWCNT [44]
~= Bio.sSbu.oTes + 0.12 wi% MWCNT [47]
= Bio.sSbu.sTes + 0.3 vol% Al NP [64]
++#-Bio.sSbu.¢Tes + 0.5 vol% SiO: NP [56]
- Bio.sSbu.sTes + 0.1 vol% SiC NP [57]

Bio.sSbi.sTes + 4 wt% Ta:0s NP [74]
Bio.sSbi.sTes + 3 wt% TeOz NP [75]
(Bi,Sb):Tes + 0.44 vol% SisNa NP [59]
(Bi,Sb):Tes + 0.5 vol% C60 [51]

< Bio.«Sbr.¢Tes + 1 vol% Si NP [61]

~++Bio.sSbi.sTes + 5 vol% ZnO [77]

o BizTez.7Seo.s + 0.4 mol% Ni NP [72]
Bio.»Sbi./Tes + 0.2 wt.% LaFeSi NP [71]
Bio.iSbi.¢Tes + 0.4 vol% CuGaTe: NI [69]
Bio.«Sb1.¢Tes + 0.5 vol% Si NI [62]
Bio.sSbi.sTes + 4 wt% Sb20s NP [73]
Bio.sSbr.sTes + 0.04 wi% B NA [68]

Fig. 5. Figure-of-merit trends for (a) undoped Bi,Te; and (b) doped (Bi,Sb),Te; and Bi,(Te,Se); nanocomposites (ZT1: ZT % enhancements compared to pristine due to

nanofiller addition, solid line: 2D, dashed line: 1D and dotted line: 0D nanofillers).

bismuth telluride nanocomposites and their resulted effect on the
ZT values.

Decent enhancements in the figure-of-merit values were
observed for 0D-based nanocomposites. The highest percentage
increase of 305% was observed when Zhang et al. [66] used Ag
NP as a filler, but the maximum value of ZT was only 0.77 since
the undoped matrix used had a low initial ZT [66]. Another group
also investigated Ag NP but with a doped p-type matrix and got a
higher ZT of 1.07 (95% enhancement). The following general trends
were also observed in the improved cases; Si-based nanofillers dis-
played only average improvements of 4-22%, Al,O3; had better
enhancements ranging from 21 — 50%, however, the highest
enhancements of 32-158% were obtained when carbon was uti-
lized. Moreover, nano-amorphous B had 65% improvement,
CuGaTe, showed 50%, Ni NP 40%, while the remaining nanofillers
had average enhancements ranging from 11 to 32%.

On the other hand, several OD carbon fillers used showed dete-
rioration in ZT values [22,48,53-55]. Some studies used fullerene
nano-inclusions as a filler and showed a reduction in the ZT due
to phonon blocking and trapping of electrons in the conduction
band [53-55]. Furthermore, a reduction in the ZT was observed
when graphite powder and amorphous carbon were used, resulting
in low carrier concentrations and hence low electrical conductivity
of the prepared nanocomposites [22,48]. Most other fillers which
did not show enhancement in the ZT are a result of poor filler con-
centrations selected since using the same filler by the same group
with other concentrations showed enhancement. Meanwhile, the
only 0D filler that did not show improvements despite the concen-
tration used are TiC nanoparticles.

4. Summary of optimized trends in nanofiller-based bismuth
telluride nanocomposites

Fig. 5a and b summarize the optimized trends for ZT as a func-
tion of temperature for undoped and doped bismuth telluride
nanocomposites, respectively. In general, doped composites
showed much higher ZT values at room temperature ((Bi,Sb),Tes/
Biy(Te,Se)s;: 0.4-1.4) compared to undoped composites (Bi,Tes:
0.15-0.5). As shown in Fig. 5a, all optimized bismuth telluride

nanocomposites after filler addition for the undoped matrix are
n-type. Furthermore, Fig. 5b shows that few of the improved doped
composites are n-type, while the rest are p-type. Even though the
figure-of-merit trends for doped n-type (ZT at RT: 0.4-0.6) are
lower than the p-type (ZT at RT: 0.6-1.4), they showed better
behavior compared to undoped n-type Bi,Tes (ZT at RT: 0.15-0.5).

In order to understand the effect of nanofiller shape on the ther-
moelectric properties of bismuth telluride nanocomposites,
carbon-based bismuth telluride nanocomposites were categorized
according to filler dimension and are shown in Fig. 6. Only one
material (carbon) was chosen to have a fair judgment on the ZT
trends and eliminate the effect of the material type. Moreover,
almost all 2D and 1D fillers used by the studies are based on carbon
(graphene or CNTs). Several articles have used 0D carbon nanofil-
ler; hence a good number of references are included for compari-
son. It should be noted that the included references are the ones
that showed improvement upon filler addition and their ZT tem-
perature measurements ranged from 300 to 550 K. The main con-

0D

ZT

0.8
0.6 1D
0.4

0.2
ZT:2D>1D

300 350 400 450

Temperature (K)

500 550

Fig. 6. Combined ZT trends for carbon/bismuth telluride-based nanocomposites
highlighting the highest concentration of trends for 2D (red), 1D (blue), and 0D
(gray) carbon nanofillers. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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clusion made from Fig. 6 is that 2D carbon-based nanofillers
showed higher ZT values compared to 1D. In Section 5, a detailed
discussion about the mechanisms for enhancing the thermoelectric
properties of bismuth telluride nanocomposites is made by engag-
ing theoretical models with the summarized experimental data.

5. Mechanisms for thermoelectric enhancements in bismuth
telluride nanocomposites

Based on the collected data for bismuth telluride nanocompos-
ites, the following mechanisms for enhancing the thermoelectric
properties were observed.

5.1. Matrix (Bismuth telluride) doping effect

Doping is the factor that had the most influence on the thermo-
electric properties of bismuth telluride nanocomposites leading to
a clear divergence in their trends. As noted from Fig. 5, the figure-
of-merit values for doped nanocomposites ranged from 0.4 to 1.4
at room temperature, which is higher than the undoped nanocom-
posites where their values ranged from 0.15 to 0.5 at the same
temperature. This is mainly because undoped bismuth telluride
has a small bandgap of 0.14 eV resulting in the undesirable bipolar
effect of minority charge carriers [78]. In order to ensure a high
Seebeck coefficient value within the nanocomposite, a single type
of charge carriers (either electrons or holes) should stay [79]. This
is achieved by doping bismuth telluride (with Sb for the p-type or
Se for the n-type) to increase the bandgap of the alloy and diminish
the bipolar effect. Alloying also increases the charge carrier’s con-
centration yielding improved electrical properties. These reasons
are possible explanations of why doped nanocomposites possess
higher thermoelectric properties compared to undoped ones.

On another note, the doping effect of Sb and Se on the thermo-
electric properties of bismuth telluride is not alike. In p-type dop-
ing, Sb atoms sit in Bi sites with no preference, leading to more
isotropic behavior of the alloy. Meanwhile, when bismuth telluride
is doped as an n-type, Se atoms are selective for Te2 sites, which
are the sites where Te atoms are only bonded to Bi (see Fig. 3)
[8]. This selective behavior of Se atoms causes high anisotropy in
the transport properties of the doped n-type, making it hard to
achieve full thermoelectric properties without extra alignment
processing. This may explain why doped p-type bismuth telluride
nanocomposites showed superior enhancements in ZT compared
to doped n-type.

Another important finding is that undoped bismuth telluride
nanocomposites, which displayed improvement in the figure-of-
merit values, exhibited n-type semiconductor behavior. There
were no studies where undoped p-type bismuth telluride showed
improvements in ZT, regardless of the dimension of the nanofiller
used. This can be explained by two main reasons. The first reason
is the processing technique used to prepare Bi,Te; matrixes. Dan-
nangoda et al. [80] reported that to have an undoped Bi,Te; of a
p-type conductor, long-range ordering of the structure should be
maintained, while a defect-rich structure leads to an n-type con-
ducting material. However, defect-rich nanostructured Bi,Tes
matrixes (resulted from the preparation process of the matrix,
e.g., ball milling, melt spinning, etc.) are preferably used to
enhance the scattering events (which enhances the ZT) and due
to their processing advantages (simple, fewer impurities, low-
cost, et.) compared to other preparation techniques. These
defect-rich preparation processes tend to cause a transition from
p-type to n-type conduction for this material due to the dominance
of Te deficiencies which act as electron donors [8,80].

The second reason why undoped p-type Bi,Te; did not show
improvement in the ZT is the high bipolar effect. In a study con-
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ducted by Zhang et al. [38], when the undoped n-type bismuth tel-
luride (0 and 0.5 wt% MWCNT) was tuned to p-type by increasing
the concentration of 1D filler (to 1 and 5 wt%), a significant reduc-
tion in the ZT value was observed (see Fig. 7). This reduction
resulted from the cancellation of the negative charge of the original
Bi,Te; matrix by the positive charge induced through SWCNT addi-
tion [80]. The added positive charge carriers also increased the
overall carrier concentration, which in return raised the thermal
conductivity of the nanocomposite. Hence, tuning the undoped
n-type Bi,Tes; to p-type through nanofiller addition results in an
undesirable combination of reduced Seebeck coefficient and
increased thermal conductivity, leading to a diminished figure-
of-merit value. It can be deduced that detailed compositional
(e.g., doping) and structural (e.g., defects due to processing) char-
acteristics play an important role in deciding the thermoelectric
performance of undoped bismuth telluride nanocomposites.

5.2. Selective scattering at nanofillers - Bismuth telluride matrix
interfaces

The key mechanism for enhancing the thermoelectric proper-
ties in bismuth telluride nanocomposites is selective scattering at
the interface between the nanofiller and bismuth telluride matrix.
The addition of a nanofiller causes selective scattering of phonons
while allowing electrons (of shorter mean free paths) to pass [17].
This phenomenon results in a drop in the lattice thermal conduc-
tivity (the only parameter not affected by the electronic structure),
while maintaining high electrical conductivity of the material.
Reduction in the lattice thermal conductivity upon filler addition
to bismuth telluride matrix is a given (the main reason behind
nano compositing strategy). However, the drop in the thermal con-
ductivity varies for each nanofiller type.

A theoretical model to calculate the thermal conductivity based
on the filler shape within a nanocomposite has been reported. By
combining Fourier’s law with the effective medium theory, Sid-
diqui et al. [81] proposed the “generalized effective medium theory
for the determination of the effective thermal conductivity of par-
ticulate nanocomposites with multiple inclusions.” The proposed
model considered the main nanofiller variables which affect the
nanocomposite’s thermal conductivity, including the filler's shape,
size, distribution, and orientation. Interestingly, the formulated
theory also accounted for randomly oriented 1D and 2D nanofillers
within a matrix, which perfectly represents the data in this review
paper. According to the model, the effective thermal conductivity
of a nanocomposite can be determined by the following equation:

_ (@1 (VD11 + (@2 (VT yp + (@)33(VT) 33 N _1 “
T (VT + (VT |V\/ Y
(M

(a) —BiiTe,

0.5 Wt.% SWCNT + Bi,Te,
1 wt.% SWCNT + Bi,Te,
5 wt.% SWCNT + Bi,Te,
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(=3

-100
__-200

s 15 t t 1
= (b)
5 1 - n-type
3
= 05

E |~ n-type tuning to p-type
z 0 4—p-type

0 100 200 300

Temperature (K)

Fig. 7. (a) Seebeck and (b) ZT plots showing how tuning Bi,Te; + SWCNT
nanocomposite into p-type diminishes the ZT value [38].
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Fig. 8. (a) Si nano inclusion shapes’ assumptions for the investigated model by Siddiqui et al. (b) simulated effective thermal conductivity trends for spherical, randomly

oriented prolate, and randomly oriented oblate Si nano inclusions [81].

where q is the heat flux, V' T is the temperature gradient, and V is the
domain volume. A detailed derivation of the model and its explana-
tion can be found in the reference [81]. The reference also includes
comparisons made by the authors between the simulated model
and experimental data as well as theoretical models developed by
other groups proving its accuracy. Additionally, the authors simu-
lated a remarkable model for Ge-Si nanocomposite and revealed
significant findings. They calculated the effective thermal conduc-
tivity of Si nano inclusions in three different cases: assuming spher-
ical shape or OD with an aspect ratio of p = 1, prolate or 1D with
p>1, and oblate or 2D with p«1 (see Fig. 8a). The effective thermal
conductivity was investigated for these shapes with different sizes
and orientations. Fig. 8b shows the application of the proposed
model on spherical, randomly oriented prolate, and randomly ori-
ented oblate Si nano inclusions of two different sizes, a = 5 and
25 nm.

It was found that nanocomposites with oblate shape (2D,
p = 0.2, red lines) had the lowest effective thermal conductivity,
followed by spherical (0D, p = 1, green lines), while prolate nano
inclusions (1D, p = 5, blue lines) had the highest thermal conduc-
tivity. The findings of this model are in good agreement with the
experimental results collected for carbon-based nanocomposites
summarized in Fig. 6 (as the thermal conductivity is inversely pro-
portional to the figure-of-merit). The justification for lower ther-
mal conductivity in 2D compared to 1D can be explained by
more interfaces existing in a 2D material, where phonons are scat-
tered by a single nanosheet in two different dimensions, whereas
in 1D, the scattering occurs from interacting with one dimension.
Another important factor to consider is the alignment of nanofil-
lers. For OD nanofillers, scattering from all sides is the same, unlike
1D and 2D fillers (where scattering depends on the alignment of
the filler). Even though the data in Fig. 6 for 0D are not enough
to explicitly discuss whether 0D is better than 1D or inferior to
2D in a certain material, the theoretical simulation by Siddiqui
et al. for the effect of thermal conductivity supports a similar trend.
More research should be done to explain the behavior of OD. Nev-
ertheless, it can be concluded from the discussed data that selec-
tive scattering at the interfaces between the nanofillers and
bismuth telluride is the main mechanism for improving the ther-
moelectric properties in bismuth telluride nanocomposites.

5.3. Tunneling of charge carriers

Another mechanism that occurs in bismuth telluride nanocom-
posites is the tunneling of charge carriers (also referred as the
bridging or percolation effect). Tunneling is the creation of nanofil-
ler networks for the transfer of electrical carriers. Interestingly,

10

tunneling is consistently reported as a mechanism to enhance
the electrical conductivity in 2D nanofillers-bismuth telluride
nanocomposites. Kumar et al. [26] used RGO along with 2D Bi,Tes
nanosheets creating conducting channels leading to enhanced
mobility. Ahmed et al. [23] suggested that tunneling of charge car-
riers had a noticeable influence on the values of electrical conduc-
tivity in their studied composite. However, several cases of using
graphene as a 2D nanofillers have reported low values of electrical
conductivity in some of the filler concentrations used, implying
that graphene addition does not always cause tunneling of the
charge carriers.

For better understanding, a proposed analytical model by
Payandehpeyman et al. [82] was explored. The model is based on
the mean-field theory for estimating electrical conductivity via a
tunneling mechanism for randomly dispersed graphene
nanosheets within a nonconductive matrix (Fig. 9). The model con-
siders various factors, including the size, thickness, and conductiv-
ity of graphene, potential barrier height of the matrix, and
tunneling distance. It is noteworthy that the model has been veri-
fied by the authors to fit well with experimental data.

The main outcome of the model is that the ultimate factor
determining the initiation of tunneling effect within a graphene-
based nanocomposite is the aspect ratio (d/L). According to the
model, electrical conductivity increases via a tunneling effect when
the aspect ratio is high. Hence, in the case of agglomerated gra-
phene (high thickness), the aspect ratio decreases due to fewer
interconnections between the 2D nanofiller resulting in a low elec-
trical conductivity. Meanwhile, a high aspect ratio is obtained
when the length of graphene increases, improving the possibility
of electron tunneling through graphene nanosheets [82]. This can
explain why in some cases of increased graphene’s concentration
(highly associated with agglomeration [83]), led to lower conduc-
tivity in the graphene-based bismuth telluride nanocomposites

Fig. 9. Simulated model for a composite with randomly dispersed graphene
nanoplatelets of a cross section d and a thickness L, surrounded by a thin interphase
layer of t thickness [82].
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Fig. 10. SEM images showing entangled and bent behavior of CNTs in (a) Biy(Se,Te);/MWCNT [41],

(b) (Bi,Sb),Tes/SWCNT [49],

(c) BiyTe3/MWCNT [40], (d-e) low

magnification TEM images of CNT/BiTe [40] and (f) TEM for AgNWs/BiTe nanocomposites [35].

[30,34]. Hence, for tunneling to take place in 2D-based nanocom-
posites, optimization of the filler content is mandatory to achieve
high aspect ratios.

On the other hand, based on the summarized studies of bismuth
telluride nanocomposites (Table 2), the tunneling mechanism fails
to apply most of the time for 1D nanofillers as 11 out of the 14 ref-
erences exhibited a reduction in the electrical conductivity upon
filler addition. This experimental outcome can be explained by a
theoretical model developed by Zare et al. [84]. The developed
model calculates the theoretical electrical conductivity and perco-
lation threshold (minimum filler concentration to obtain tunnel-
ing) in CNT-based nanocomposites. The suggested electrical
conductivity model for CNT-nanocomposite is:

4.8uR?
Z@effl

0 = Ggexp (— (2)

where o, is a parameter, u is the waviness of CNT (u = 1 for straight
and u > 1 for bent/entangled CNT), R is the radius of CNT, z is the
characteristic tunneling length, [ is the length of the CNT, and @5
is the percolation threshold. The conclusion of this model, con-
firmed by the authors through comparison with experimental data,
is that the highest electrical conductivity for a CNT-based nanocom-
posite can be obtained when using (i) a high concentration of thin
CNT, (ii) low CNT waviness with a thick interface, and (iii) short tun-
neling distance with high characteristic tunneling length. Out of
these, it is noticed that condition (ii) does not apply for most of
the 1D-bismuth telluride nanocomposites reported cases. Fig. 10
shows SEM and TEM images for different 1D-bismuth telluride
nanocomposites revealing a high amount of entangling and bending
in the CNTs within the bismuth telluride nanocomposites.

One main reason for the high waviness in 1D nanofillers can be
attributed to the mixing process used to prepare bismuth telluride
nanocomposites. Obtaining a straight 1D structure is almost impos-
sible with techniques like ball milling and ultra-sonification, which
were mostly employed to prepare these nanocomposites. Accord-
ing to Zare et al. [84], the waviness of CNTs lowers their effective
length resulting in poor characteristics of the conductive networks.
On another note, one of the few studies that showed enhancements
in electrical conductivity with 1D nanofiller is by Kumar et al. [42].
The authors used a modified hydrothermal process in which the
MWCNTs were used as a substrate for preparing the nanocomposite
leading to enhanced carrier mobility of 17%. Thus, the preparation
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technique plays a critical role in creating the tunneling behavior
within the 1D nanofillers and determining the electrical conductiv-
ity of 1D-bismuth telluride nanocomposites. These reasons provide
additional justification for the trends in Fig. 6, were due to the tun-
neling mechanism in 2D nanofillers and its absence from 1D nano-
fillers, higher electrical conductivity and ZT values are obtained in
2D bismuth telluride nanocomposites.

Another important aspect to consider is the partial confinement
of charge carriers in 1D and 2D nanofillers resulted from the
density-of-states (refer to Fig. 4). For 2D nanomaterials, the con-
finement of electrons is in one dimension only; hence the charge
carriers are free to spread in two dimensions leading to higher
mobility within the tunneling networks. Meanwhile, on top of
the entanglement of CNTs due to the preparation processes, the
limitation of movements of charge carriers to one dimension fur-
ther restricts the tunneling behavior in the 1D-bismuth telluride
nanocomposites.

5.4. Energy filtering effect

Another mechanism for improving the thermoelectric proper-
ties in bismuth telluride nanocomposites is through the energy fil-
tering effect. It is proved that nanofillers can filter low-energy
charge carriers, which greatly enhances the Seebeck coefficient
due to the elimination of the bipolar effect. However, by filtering
out the low-energy carriers and reducing the number of charge
carriers, the electrical conductivity is lowered significantly [17].
Hence, the effect of energy filtering on enhancing the ZT of thermo-
electric materials is quite debatable, but it is important to mention
that this effect exists in nano compositing even if it does not play a
dominant part in most cases.

6. Comparison tables

This section provides a comparison for the performance of the
involved systems and ranks the thermoelectric performance in
each type accordingly. Table 4 presents a comparison between
the bismuth telluride matrixes used (undoped, doped, n-type,
and p-type), while Table 5 deals with the nanofiller types (0D,
1D, and 2D).
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Table 4

Bismuth telluride matrixes comparison.
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Matrix type Conduction Summary ZT (1-highest,
type 4-lowest)
BiTes n-type -Defect-rich structure. 3
-Can be produced via simple processing techniques.
-Addition of n-type conducting fillers can enhance the electrical conductivity and Seebeck coefficient greatly.
p-type -Long-range ordered structure is required. 4
-Difficult to obtain with regular nano compositing techniques.
-Tunning the matrix to p-type through filler addition will cause a huge drop in the Seebeck coefficient.
Biy(Te,Se)s n-type -Enhanced thermoelectric properties due to doping. 2
-High anisotropy due to the selective behavior of Se.
-Extra processing is required to achieve full thermoelectric properties.
(Bi,Sb),Tes p-type -Enhanced thermoelectric properties due to doping. 1
-Higher isotropy as Sb doping is not selective.
-Can be produced via simple processing techniques.
Table 5

Nanofiller type comparison.

Filler Summary ZT (1-highest,
type 4-lowest)
2D -Improved scattering events due to two-dimensional interface scattering of a single sheet leading to high 1
reductions in thermal conductivity.
-Electrons are free to move in two directions, which improves tunneling behavior.
-Requires optimization of the nanofiller concentration to avoid agglomeration and obtain the high aspect ratio
needed for tunneling to take place.
-Promising 2D nanofillers include graphene and MXene.
1D -Waviness of the filler is the main factor affecting the thermoelectric properties. 3
-Straight 1D nanofillers are difficult to obtain via the common nano compositing methods.
-Less scattering events due to one-dimensional interface scattering.
-Electrons are free to move in one direction only.
-Tunneling is less likely to occur due to the high waviness of 1D fillers produced.
-Promising 2D nanofillers include CNTs and Ag NW.
0D -Not affected by the alignment of nanoparticles. 2

-Total quantum confinement leads to charge carriers being trapped in the conduction band.

-Improvements in ZT are quite noticeable in many cases.

-Theoretically, scattering events in OD are higher than 1D nanofillers.
-Further investigations are required to obtain better understandings of the mechanisms affecting 0D nanofillers.

7. Future development

The ease of preparation and production of bismuth-telluride
nanocomposites makes them a promising candidate for developing
sustainable thermoelectric devices for commercial applications.
Yet, the thermoelectric performance should be addressed thor-
oughly in order to enhance their efficiencies. Herein, some future
development suggestions to improve the design of bismuth-
telluride nanocomposites:

1-

2-

For enhancement in ZT values of bismuth telluride
nanocomposites, the focus should be more on 2D materials
as they are the most promising nanofillers. MXene repre-
sents a new good candidate that needs further studying. In
addition to its exceptional electrical conductivity, MXene
provides an amazing feature of tunable properties due to
the infinite possibilities of altering its structure and compo-
sition. This means that endless promising options are
available to investigate. However, the research of MXene
as a nanofiller for bismuth telluride composites is rather
limited.

Another promising 2D candidate to investigate is Ag
nanosheets. Several studies explored the effect of OD and
1D Ag nanofillers and showed a high percentage of enhance-
ments (95-434%). According to Fig. 6, using the same mate-
rial in 2D form is expected to have superior properties.
However, it is noteworthy that the production of Ag
nanosheets is quite challenging as the synthesized Ag
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nanosheets are usually of a high thickness (few nanometers),
which is expected to lower the tunneling effect as discussed
in Section 5.3. Yet, a recent study was able to successfully
prepare ultrathin (1 < nm) Ag nanosheets [85]. If utilized
properly, these ultrathin Ag nanosheets are expected to pro-
duce high figure-of-merit values in bismuth-telluride
nanocomposites.

The alignment and content of graphene nanosheets are
reported to affect the thermal conductivity [86-88] and
the microstructural features [89-91] of the final composite.
Hence, optimizing the filler content and studying the effect
of alignment is a must to achieve the maximum enhance-
ments possible.

Improving the usage of 1D nanofillers requires a reduction in
the waviness to boost the electrical conductivity and achieve
enhancements in ZT. This is expected to be achieved through
improving the preparation techniques for such composites.
If the main aim is to improve thermoelectric properties,
doped bismuth-telluride matrixes are recommended and
nano compositing of differently doped matrixes [92] are
yet to be investigated.

Special attention to the n-type counterpart should be given,
and the anisotropic behavior should be addressed through
further processing of the composite to reach the advances
made in the p-type conductors.

The behavior of 0D carbon nanofiller is still not clear. The
cases of reduced ZT upon 0D carbon addition are much more
than the cases where improvements were obtained. Hence,
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more work is needed to develop a further understanding of
the mechanisms taking place in 0D fillers.

Using two nanofillers of different dimensionality in the same
matrix is reported to show interesting microscopic features
[93], and can be an interesting route to investigate in
thermoelectrics.

Utilizing optimized synthesis techniques in nano composit-
ing should further improve the thermoelectric properties.
Reported optimization conditions for different synthesis
techniques can be found in the references [94-97].

One main reason for the low ZT in nanocomposites (com-
pared to other strategies used) is the need for pressing the
prepared powders. Even though nano compositing owns
several industrial advantages and is more commercially fea-
sible, the electrical conductivity of the samples is greatly
affected by the density of the final product. Improvements
in the compaction techniques for more efficient nano com-
positing production should be taken into consideration. In
this regard, a recent review article by Hu et al. [98] provides
an overview of the SPS technique suggesting its superior
advantages in compacting thermoelectric materials due to
the reduced densification temperature and short sintering
time. Hence, optimizing the parameters of such a technique
through engaging the reported analysis may help in enhanc-
ing the thermoelectric properties of the nanocomposites.
Optimization for other consolidation techniques can be
found in the references [99,100].

P

10-

8. Challenges

One main difficulty faced in compiling this review was the
inconsistency of the reported data. A full understanding of the TE
properties requires a comprehensive study in which different
parameters are properly controlled and optimized. Many studies,
for example, used ball milling as a technique for the preparation
of the composite. However, a difference in one parameter, such
as the milling time or the base powder used, resulted in different
TE trends. Another factor to consider is the various initial ZT values
of the matrix in each case prior to compositing, which makes the
comparison between percentage enhancements in the figure-of-
merit values somehow unfair. However, the effect of matrix doping
(the main factor affecting the ZT of the initial matrix) has been
addressed to help evaluating the data. Moreover, critical details
were missing in many articles, including the preparation methods
of bismuth telluride matrix, detailed information on the nanofiller
used, comprehensive identification of the microstructure of the
matrix, filler, composite, and thorough information about the TE
measuring devices used. A comparison between the enhancements
for the different composites is difficult due to these inconsisten-
cies. It is also noteworthy that the measuring error in both electri-
cal and thermal conductivities is high, especially because they
depend on the final density of the compacted samples and the
accuracy of the devices used. However, the presented data has cer-
tain trends that are supported by theoretical models, implying that
the overall conclusions made in this review are quite creditable.
Nevertheless, there is a need to request authors to report all exper-
imental details precisely to obtain clear and correct comparisons
between the reported TE properties in future work.

9. Conclusion

This review paper studies the effect of different dimensional
nanofillers on the TE properties of bismuth telluride-based
nanocomposites. Compared to other strategies used, nano com-
positing offers the benefits of being cost-effective, yielding innova-
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tive materials, and provides practical products. Noticeable TE
enhancements in bismuth telluride nanocomposites were achieved
via the following mechanisms (i) great reduction of thermal con-
ductivity via nanofiller-matrix selective scattering, (ii) increased
electrical conductivity through tunneling effect, (iii) increased car-
rier concentrations for doped matrixes, and (iv) improved isotropy
in the case of doped p-type. The most critical outcomes of this
review paper are (i) undoped matrixes showed improvements only
for the n-type conduction, (ii) doped matrixes showed better
enhancements in the p-type compared to the n-type, and (iii) for
a certain nanofiller material type, 2D nanofillers have significant
ZT improvements compared to 1D nanofillers. These results offer
a better understanding of the nano compositing effects in bismuth
telluride alloys and provide specific directions to consider in future
work. Some of the obtained outcomes about nanofillers can be
extended and applied in different thermoelectric materials having
a similar structure to bismuth telluride, hence it allows for improv-
ing the strategy of nano compositing to produce various innovative
thermoelectric materials.
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