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Abstract: Unique properties of thermoelectric materials enable the conversion of waste heat to elec-
trical energies. Among the reported materials, Zinc oxide (ZnO) gained attention due to its superior
thermoelectric performance. In this review, we attempt to oversee the approaches to improve the
thermoelectric properties of ZnO, where nanostructuring and doping methods will be assessed. The
outcomes of the reviewed studies are analysed and benchmarked to obtain a preliminary under-
standing of the parameters involved in improving the thermoelectric properties of ZnO.

Keywords: thermoelectric material; nanostructure approach; doping approach; nanoparticle; zinc
oxides

1. Introduction

Pioneering studies on thermoelectric materials began in 1822. Thermoelectric was
first proposed in the 1820s to convert waste energies from automobiles and manufactur-
ing to useful electrical energies [1-4], which can potentially bring lucrative economic prof-
its [1,5,6]. Thermoelectric materials can be applied in woodstove and diesel power plants
for optimal power efficiency [5]. The ideal heat-to-electricity conversion rate in a typical
thermoelectric device ranges from 15% to 20% [7]. These rates can significantly reduce the
usage of non-renewable energy sources [8]. Despite the promising potential of thermoe-
lectric conversion, the current energy conversion rate is only around 7% to 10% [1,9] due
to the unsatisfactory performances of the existing thermoelectric materials, which do not
meet the commercial requirement. Thus, studies have focused on synthesising high-qual-
ity and excellent-performance thermoelectric materials.

In the 1950s, researchers focused on conventional materials such as Bismuth telluride
(BizTes,) lead telluride (PbTe) and Silicon Germanium (Si-Ge) [10,11], which contain heavy
elements and covalent bonding characteristics, aiming to reduce the thermal conductivity
and increase the electron mobility, respectively [12,13]. The main figure of merit (ZT) of
these materials ranged between one and two [13-15], which are sufficient for practical
applications in thermoelectric fields [5]. However, the poor durability and chemical sta-
bility at high temperatures of these materials limit their feasibilities in thermoelectric ap-
plications. At the same time, these materials have high synthesis complexity and are toxic,
further limiting their feasibilities in practical thermoelectric applications [5,12-14,16].
Thus, in the mid-1990s, the investigation paradigm switched from optimising conven-
tional thermoelectric materials to exploratory ventures of novel thermoelectric materials.
Of the investigated materials, metal oxides offered excellent stability and oxidation

Crystals 2022, 12, 1076. https://doi.org/10.3390/cryst12081076

www.mdpi.com/journal/crystals



Crystals 2022, 12, 1076

2 of 16

resistance and are primarily safe [12—14,17]. These properties complement the limitations
of the conventional thermoelectric materials (BizTes, PbTe, and Si-Ge), which were widely
studied in the 1950s. Unfortunately, the major drawback of metal oxides is the lower ZT
values. The low carrier mobility and high thermal conductivity in metal oxides [12,14]
result in smaller ZT values than that of the conventional non-oxides materials. However,
one characteristic of the metal oxides is opposite to that of conventional thermoelectric
materials, whereby the ZT value of metal oxide can be significantly increased at higher
temperatures. Therefore, suggesting various possibilities of elevated temperature opera-
tions in metal oxides [12]. Having said that, many studies have been reported on the ex-
cellent thermoelectric properties of metal oxides. For instance, zinc oxide (ZnO) exhibited
a high ZT value of 0.44 at 1000 K [16] and a ZT value of 0.52 at 1100 K [18]. In order to
achieve this ZT value, a nanostructured approach and chemical doping strategy were em-
ployed.

The ZT value of thermoelectric materials is determined using an equation ZT =
(S20T)x1, where S is the Seebeck coefficient, o is the electrical conductivity, x is thermal
conductivity, and T is temperature [15,19]. According to the literature, the ZT value
should be at least 1 to 1.25 for thermoelectric usage [15]. From the equation, the term S0
is also known as the power factor (PF) [2,20-28]. Larger the ZT value leads to a higher
heat-to-energy conversion rate, where the materials exhibit better thermoelectric perfor-
mances. To achieve that, the PF should be maximised, and the thermal conductivity value
should be kept to the lowest possible [29]. However, various parameters are involved in
optimising the PF [30]. The parameters include the Seebeck coefficient and thermal con-
ductivity, which are theoretically interdependent [13,24,29,30]. The alteration of these pa-
rameters involves complex, fundamental physics, including modification of carrier con-
centration, band structures, vacancies, defects, etc. [29]. These complex insights signifi-
cantly disrupted the development of ZnO thermoelectric materials [5,31,32].

2. Zinc Oxide (ZnO)

ZnQ is a promising n-type thermoelectric material [2,33—-37] and an iconic represen-
tation of group II-IV compound semiconductor material [6,15,23,38,39]. The n-type semi-
conductor behaviour originated from the ionisation of excess zinc atoms in interstitial po-
sitions and the presence of oxygen vacancies [36]. ZnO is naturally found in the mineral
called zincite [35], appears as a white powder and is soluble in water and alcohol. Due to
its chemical structure, it has excellent physical and chemical properties, high electron mo-
bility and can be easily synthesised [20,33,34,39—41]. Moreover, due to its abundance, ZnO
can be obtained at a low cost [2,35,37]. It is also safer and of low toxicity [1,2,34,37,42],
compared to other telluride-based nanomaterials such as PbTe and tin telluride (SnTe)
[3,25,33,35,43,44].

ZnO crystallises in hexagonal wurtzite (Wz) structure with two lattice parameters, a
and c (a=3.249 and ¢ =5.206 "A) and space group P63mc (186) [6,15,20,23,38,45,46]. Each
anion is surrounded by four cations at the corners of a tetrahedron and vice versa
[45,47,48] (Figure 1(a)). Wz structure contributes to the high stability of ZnO [39], whereby
it can also act as a benchmarking index in determining the doping effects in ZnO [20]. As
indicated in Figure 1(b), the X-Ray diffraction of ZnO exhibited unique and iconic peaks
for ZnO crystals [47,49]. Apart from that, ZnO has a wide and direct bandgap semicon-
ductor with 3.3 eV at room temperature [38,46] and ~3.3-3.37 eV at 300 K [23,44,50,51]
with a large exciton binding energy of 60 meV at room temperature [15,22,35,42,44]. The
bandgap reduces electronic noise and demonstrates superior electrical durability [40].
Moreover, the chemical and mechanical stability make ZnO an ideal candidate for high-
temperature, high voltage thermoelectric applications [22,38,43,44,52].
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Figure 1. (a) A schematic of the hexagonal Wz ZnO crystal structure with lattice parameters a and
¢, bond length u, the nearest neighbour distance b, and three types of second-nearest-neighbour
distances b'1, b2, and b’s. [48], (b) A powder diffraction pattern for ZnO [49].

Despite the promising potential of ZnO thermoelectric materials, the drawbacks in
realising ZnO-based thermoelectric materials include poor electrical conductivity and
high thermal conductivity. The thermal conductivity of ZnO is about 49 W/mK at 300 K
and 10 W/mK at 1000 K, attributed to the stable covalent bond [16]. This disadvantage
limits the ZT value of ZnO, which affects its feasibility in thermoelectric applications.
Therefore, to enhance the thermoelectric properties of ZnO, various approaches, includ-
ing foreign-particle doping and nanostructuring, are performed.

3. Enhancing the Thermoelectric Performance of ZnO

ZnO has a high Seebeck coefficient [34] between —350 and —430 uV/K [40,53]. These
drawbacks lead to a poor ZT value of less than 0.01, which is undesirable for thermoelec-
tric applications [14-16,54]. Many strategies have been attempted to obtain higher ZT val-
ues and lower thermal conductivity in ZnO ceramics. The strategies used include
nanostructuring approach [2,50] focusing on the reduction of thermal conductivity
[2,50,51,55], doping [2,21,50,51,55-57] and nanostructuring [58-61]. The following sections
discuss the common approaches to enhancing the PF and lowering the thermal conduc-
tivity of ZnO, which include nanostructuring and doping approaches. This review seeks
to provide a comprehensive compilation of the available strategies for enhancing the ther-
moelectric properties of ZnO, which can serve as a useful preliminary guide for the further
development of ZnO in thermoelectric applications.

3.1. Nanostructure Approach

To date, substantial research activities have been conducted on nanostructuring ther-
moelectric materials. The nanostructuring approach has been reported to effectively re-
duce the thermal conductivity of many thermoelectric material systems to improve their
thermoelectric properties. Fundamentally, the nanostructuring approach is the growth of
superfine nanostructured materials [36,62]. The size of nanostructures/nanoparticles
ranges between 1 and 100 nm, while non-nanostructured materials fall between 100 and
1000 nm, commonly referred to as submicron [63,64]. The altering of the synthesis method
produces ZnO materials with improved thermoelectric properties.

Figure 2 indicates the effects of the nanostructuring and non-nanostructuring ap-
proaches on ZT values of ZnO ceramics over temperature. The dashed lines in Figure 2
[1,2,16,18,50,65] represent the nanostructuring approach and the solid lines represent the
non-nanostructuring approach [21-23,34,51,53,55,66,67]. In the nanostructuring approach,
strong phonon scattering is applied at grain boundaries, and the grain sizes are refined to
lower the thermal conductivity. The correlation between ZnO grain size and its corre-
sponding thermal conductivity can be explained using the Callaway model [15,68,69],
where the thermal conductivity of nanostructured ZnO can be expressed as:
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C is an arbitrary constant in the Callaway equation which can be expressed as:
€= 21]?;17 <%> @
and x can be expressed as:
hw
*=LT )

The key parameters can be found in Refs. [15,68,69]. For ZnO nanostructured ther-
moelectric materials, L can be deduced as the grain size of the nanostructures; thus, the
smaller the grain size (L values), the lower the thermal conductivity (k) of the nanostruc-
ture.

In the case of small, refined ZnO nanograins, a simultaneous increase in both phonon
scattering and electron scattering can reduce the value of PF [2,65,70]. Nevertheless, the
nanostructuring approach can successfully achieve higher ZT values compared to the
non-nanostructuring approach, as illustrated in Figure 2. The highest reported ZT value
from the nanostructuring approach was 0.52 at 827 °C [18], which is 42% higher than the
best ZT value reported by its non-nanostructuring counterparts, 0.30 at 1000 °C [53,55]. At
a lower temperature of 727 °C, the nanostructuring approach demonstrated a 62.5%
higher ZT value compared to nanoparticles obtained from non-nanostructuring ap-
proaches [55]. Furthermore, the nanostructuring approach is capable of reaching a higher
ZT value at a lower temperature than the non-nanostructuring approach. For instance,
nanostructuring approach yielded a ZT value of 0.44 at 727 °C [16] and 0.3 at 777 °C [2],
950 °C [50] and 760 °C [65] compared to non-nanostructured approach which required
1000 °C [53,55]. This observation is in agreement with the Callaway model, where the
larger grain size obtained from the non-nanostructuring approach resulted in higher ther-
mal conductivity, whereby the corresponding ZT value was reduced, affecting its overall
thermoelectric properties [71]. It can also be observed that ZnO nanoparticles demon-
strated increasing ZT values at higher temperatures attributed to the temperature-de-
pendency of ZnO grain size. Higher temperatures yielded smaller ZnO grains, favouring
the ZT value and thermoelectric properties [72].
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Figure 2. Comparison of nanostructuring and non-nanostructuring approach on the ZT value of
ZnO ceramics over temperature.

At present, the high thermal conductivity of ZnO remains a major challenge in re-
stricting its usage in thermoelectric applications. As mentioned earlier, higher thermal
conductivity in ZnO ceramics is caused by higher phonon frequency, attributing to the
ionic bonding and low atomic mass of ZnO lattice [70]. Moreover, the parameters affecting
ZnQ’s thermal conductivity values are complex (e.g. carrier concentration, electrical con-
ductivity, grain size, etc.). Such complexity remains an obstacle in realising ZnO-based
thermoelectric materials. Fundamentally, the thermal conductivity (k) of ZnO nanoparti-
cles can be expressed as the sum of two portions, phonons and electric charge carriers, as
referred to in equation «k = Kiat + kele [24], where «kiat is the lattice thermal conductivity that
arises from heat transport phonon conducted through the crystal lattice and xel is the
electron thermal conductivity that arises from a heat-carrying charge carrier moving
through the crystal structure [24]. The lattice thermal conductivity is influenced by the
mass of the unit cell and the grain size [13]. Based on the equation, reducing the lattice
thermal conductivity will enhance the ZT value, but reducing the electron thermal con-
ductivity will exhibit little or no improvement in ZT values [50,73]. Thus, lowering the
lattice thermal conductivity of ZnO can achieve outstanding thermoelectric properties.

On the other hand, the lower thermal conductivity of ZnO is due to the phonon scat-
tering at grain boundaries [74]. Thus, refining grain sizes and the control over nano-mi-
crostructures of ZnO can reduce its thermal conductivity and align well with the Callaway
model [8,15,21,27,75]. However, refining grain size also increases the electron scattering
and reduces the value of the PF [70,76]. Since smaller grain size yields a higher abundance
of grain boundaries, lattice misalignment at grain boundaries will induce phonon scatter-
ing. Consequently, lower thermal conductivity is achieved with more electron scattering;
hence, PF is reduced [77,78]. Nevertheless, several studies suggested that the reduction of
grain size down to <100 nm reduces the thermal conductivity and improves the ZT values
[2,15,16]. In addition, other strategies, such as the development of novel materials with
unique lattice vibrational modes, have also been reported [27,79].

Despite reports on novel material development [79], the research community has em-
phasised refining grain size to lower the thermal conductivity of ZnO. Figure 3 illustrates
the relationship between grain size and thermal conductivity on ZT value using non-
nanostructuring and nanostructuring approaches. The solid lines in the graph represent
the non-nanostructuring approach [21,34,51,67,80], while the dashed lines [1,2,16,18,50]
the nanostructuring approach. Based on the graph, ZnO nanoparticles demonstrated
lower thermal conductivity and smaller grain size when synthesised using the nanostruc-
turing approach compared to their non-nanostructuring counterparts. According to Kine-
muchi et al. [70], it can be computed using the Callaway formula that the thermal conduc-
tivity of ZnO nanocomposite was >5 W/mK at high temperature when the grain size was
reduced to <100 nm [74]. This observation is in line with Figure 3, where the grain size of
>100 nm resulted in lower thermal conductivity and higher ZT values.
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Figure 3. Effects of grain size on the thermal conductivity of ZnO ceramics at different tempera-
tures.

Biswas et al. synthesised 1 at% Al with 1.5 wt % RGO into ZnO using the solvother-
mal method [18]. It has s been found to show significant improvement in ZT value of 0.52
at 1100 K, which is an order of magnitude larger compared to that of bare undoped ZnO.
The minimum crystallite size obtained is ~20 nm, and the thermal conductivity was 2.96
W/mK at 1100 K. Jood et al. [16] reported a high ZT value of 0.44 at 727 °C for Zno.s75Alo.02s0
via rapid and scalable microwave-activated aminolytic decomposition of zinc and alu-
minium salts. This method produces a ZnO grain size of 15 nm and a particle size of <25
nm. The thermal conductivity measured at 300 K was 1.5 W/mK and was 2 W/mK at 1000
K. The obtained thermal conductivity was ~96% lower than the 49 W/mK in the bulk ZnO
sample. This thermal conductivity can be attributed to the increase in phonon scattering
at ZnO nanograin promoted by Al-induced grain refinement and Zinc Aluminate
(ZnAl204) nano precipitates. Additionally, Zhang et al. [65] reported that mi-
cro/nanostructured ZnossAlo2O could be successfully fabricated via hydrothermal syn-
thesis and spark plasma sintering. The effective scattering on the boundaries and inter-
faces reduced the thermal conductivity value to k=2.1 W/mK at 1073 K, leading to a high
ZT value, 0.36 at 1073 K.

Meanwhile, Nam et al. [2] reported a ZT value of 0.34 at 1073 K from the synthesised
ZnossAlo2O. The synthesis method used in the study was the nanostructuring approach
involving a hybrid solution method and spark plasma sintering. The average ZnO grain
size of ~90 nm was obtained. In addition to the ZT value of 0.34, the thermal conductivity
was successfully reduced to 7.6 W/mK at room temperature, as it decreased with increas-
ing temperature (k;oox Was ~3.2 W/mK and k;499x was < 2.0 W/mK). The thermal con-
ductivity is reduced due to increasing phonon scattering at nanograin boundaries and
nano precipitates. It also substantiated the observations in Figure 2 and Figure 3, where
the nanostructuring approach yielded ZnO nanocomposites with higher ZT values com-
pared to the non-nanostructuring approach.

On the other hand, Han et al. [50] reported on the Al-doped ZnO nanoparticles using
a forced-hydrolysis method. According to the study, ZnO ceramics were successfully pro-
duced with ZT values of 0.3 at 1223 K. The high ZT value was attributed to the low thermal
conductivity of 3.2 W/mK at 1223 K, resulting from the nanostructuring of ZnO ceramics.
The ZnO grain size that was obtained was ~8 nm, which was significantly smaller than
the other Al-doped ZnO thermoelectrics reported by Jood et al. [16] and Nam et al. [2].
Meanwhile, Jantrasee et al. [1] reported a ZT value of 0.28 at 673 K of ZnosrAloosO
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synthesised using the hydrothermal method of zinc and aluminium salts. The nanostruc-
turing approach yielded a ZT value of 1.59 W/mK with 100-200 nm grain size.

Based on the discussion above, it can be deduced that smaller grain size yields lower
thermal conductivity in ZnO, leading to higher ZT values and favourable thermoelectric
properties. Moreover, the nanostructuring approach yielded a smaller ZnO grain size than
the non-nanostructuring approach, which resulted in lower thermal conductivity and
higher ZT values. Additionally, doping of foreign particles (e.g. Al particles) can also ef-
fectively refine ZnO grain growth, resulting in smaller grain size. The next section dis-
cusses the effects of particle doping on ZnO’s thermal conductivity and thermoelectric
properties.

3.2. Doping Approach

Doping is another approach used to increase the ZT value of ZnO by increasing the
carrier density [14,53,81] and refining its grain size. It is a process of adding impurities in
minimal quantities to intrinsic semiconductors to alter their behaviour or physical prop-
erties. Fundamentally, the Seebeck coefficient can be expressed by Joker relation as:

S = ATm’ (%)é 4

Meanwhile, the electrical conductivity of the thermoelectric materials can be ex-
pressed as:

o = neu ©)

The definitions of the key parameters can be found in Ref. [82]. As the electrical con-
ductivity (o) and the Seebeck coefficient (S) are both a function of the carrier concentration
(n), it can be deduced that higher carrier concentration leads to higher electrical conduc-
tivity but lower Seeback coefficient. Thus, an optimal doping condition is required to ob-
tain optical thermoelectric properties from ZnO nanoparticles [83].

In achieving optimal doping conditions, selecting the appropriate doping elements
to improve the carrier concentration by altering their electronic band structure [59] and
electron transport properties [20] are important. At the same time, its Seebeck coefficient
for optimal thermoelectric performances should also be retained. Meanwhile, undoped
ZnO usually contains various intrinsic defects [84]. These intrinsic defects can signifi-
cantly affect the electrical properties and thermoelectric performances of ZnO [84]. In this
section, the dopings of ZnO and their resulting thermoelectric properties are briefly dis-
cussed. Based on the review, it can be observed that Al-doped ZnO and Gallium-doped
ZnO demonstrated the best thermoelectric performances due to the high stability and dis-
tinguished thermopower [1]. The aluminium (Al) and gallium (Ga) dopants in ZnO in-
creased the electrical conductivity of ZnO, thereby enhancing its thermoelectric perfor-
mances [40].

3.2.1. Al-doped ZnO

Al is a cheap, durable, abundant, non-toxic and a common n-type donor dopant for
ZnO [40]. The incorporation of Al into ZnO can reduce grain size and thermal conductiv-
ity without deteriorating its electrical conductivity and Seebeck coefficient. When Al is
doped into ZnO, the additional enhancements in electrical properties on the existing high
electron transport properties of ZnO result in outstanding thermoelectric performance
[84]. Since the radius of Al atoms is smaller than Zn atoms, Zn atoms in ZnO lattice are
easily displaced by Al dopant. As the name implied, Al atoms are n-type donor dopants.
Thus, an additional free electron is obtained per lattice, which enhances the overall elec-
trical conduction of Al-doped ZnO. Apart from the dopant effects, the covalent bond of
the metal-to-oxygen bond in the oxide also contributes to the outstanding thermoelectric
performance of Al/ZnO by improving carrier density and carrier mobility [40,53,55,66,85].
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Table 1 summarises the thermoelectric properties of Al-doped ZnO. It can be de-
duced that Al-doped ZnO demonstrated improved thermoelectric performance
[1,21,53,66,67,80]. The addition of small atomic percentages (1 to 3 at.%) of Al significantly
improved the ZT value of ZnO compared with the undoped ZnO. However, the ZT value
was still low and unsatisfactory [67]. The highest ZT value obtained was 0.44, which is
insufficient for thermoelectric applications [16]. Furthermore, due to the presence of n-
type dopant, the Seebeck coefficient exhibited a negative value within the investigated
temperature range [16,80]. Apart from the improvements in the Seebeck coefficient, some
results exhibited lower Seebeck coefficients upon Al doping [53,66,67]. This observation
aligns with the Joker relation, where additional charge carriers in Al-doped ZnO reduce
the Seebeck coefficient. Nevertheless, Al-doped ZnO improved electrical conductivity by
introducing additional charge carriers. It is reflected from the metallic behaviour
[21,53,66] of Al-doped Zn, which improves its electrical conductivity [16,53,66,67]. As ZnO
is doped with Al at >3 at.% (near solubility limit), its resistivity is further reduced [22].
Despite the reduction in the Seebeck coefficient, the increase in electrical conductivity in-
dicated readily allowable electric charge movement favouring the thermoelectric perfor-
mance of ZnO [86].

Table 1. Thermoelectric properties of Al-doped ZnO.

Composition/Synthesis Method Thermoelectric Properties Ref

ZT =0.05, S=~-148 uV/K, o0 =~21,000 S/m, PF = ~48,000

(Znos7Aloos)O/Chemical co-deposition  ZT =0.15, S = ~-240 uV/K, o0 =~15,000 S/m, x = ~5 W/mK at 600

(Zno.9sAlo.o1)O/Solution combustion W/mK?, x = 8 W/mK at 590 °C [51]
ZT =~0.007, S = ~-386 uV/K, 0 = ~369 S/m, PF = ~0.55 x 10~
ZnO/RF plasma powder W/mK2, & = 8 W/mK at 777 °C o
ZT =0.04, S=-68 uV/K, o = ~86,505 S/m, PF = ~4 x 104 W/mK?,
(Zno99Aloo1)O/RF plasma powder = 10.6 W/mK at 777 °C
ZT=0. =-1 V/K, 0=4 =54 W/mKat 1
(ZnossAlo2)O/Solid-state reaction 03,5=-180uV/K, 0 Sé)oo S/m, k=54 W/mKat1000 )
) . ZT =0.028, S=-318 uV/K, 0 = ~2037 S/m, PF = ~2.06 x 10
ZnO/Nylon-lined ball mill W/mK2, & = 8 W/mK at 800 °C 53661
. . ZT=0.3,5=-182 pV/K, 0 =~39,971 S/m, PF = ~13.24 x 10 ’
(ZnossAloo2)O/Nylon-lined ball mill W/mKC, & =5 W/mK at 1000 °C
ZT =034, S =~-148 uV/K, o = ~29, k= ~2 W/mK
(Zno.ssAloo2)O/Solution method 034,5 BV o R C9 000 S/m, x W/mK at 800 [2]
ZT =~0. =~=2 V/K, 0 =~18,7 =~3.2 W/mK at
(ZnossAlvz)OfForced hydrolysis method 03,5=~-"205 pV/K, ‘;5 ) g 98 5/m, xc=~3.2 W/mkKat 50,
ZnO/Solid-state reaction ZT =~0.009, S =~-107 uV/K, ¢ =~2500 S/m, ¥ = ~3.1 W/mK at
700 °C
(ZnossAloo2)O/Solid-state reaction ZT=~0.031, S = ~~133 uV/K, 0 = 5400 S/m, 1 = ~3 W/mK at 700 i
‘ A oC
ZT=044,S=~- K, 0 =~10, =~2 K at 727
(Znos7sAlons)O/microwave synthesis 044, 5=~-300 pV/K, 0 . CO 000 5/m x W/mK at [16]
ZnO/Sol-gel method ZT =~0.007, S=-240 uV/K, 0 =~1563 S/m, k = ~9.8 W/mK at
500 °C
[67]
ZT =~0.02, S=~-81 uV/K, 0 =~37,500 S/m, x = ~9.5 W/mK at
(Znos7Ale0s)O/Sol-gel method 500 °C
ZnO/Chemical co-deposition method ZT =~0.009, S =~-250 uV/K, 0 =~1333 S/m, « = ~8.3 W/mK at
P 600 °C 2]

method °C
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The thermal conductivity of ZnO is higher at room temperature (40 W/mK) and de-
creases with the increase of temperature, 5 W/mK at 1000 °C [53]. The high thermal con-
ductivity of ZnO can be attributed to its lattice structure [53]. Upon Al doping, the thermal
conductivity decreases with the increasing amount of Al added due to the enhancement
of the phonon scattering at nanograin boundaries and nano precipitates [2,67]. Moreover,
the increase in the Al contents may cause random disorder phonon scattering induced by
Al deficient sites [67]. Hence, thermal conductivity is lowered, resulting in enhanced ther-
moelectric performances [51].

3.2.2. Ga-doped ZnO

Ga is in group III of the periodic table, akin to aluminium and indium. Through Ga
doping, the carrier concentration and electron and point defect concentration are in-
creased, subsequently increasing electrical conductivity and decreasing thermal conduc-
tivity [78]. Table 2 summarises the thermoelectric properties of ZnO doped with Ga at
different temperatures. Based on Table 2, it can be deduced that the addition of Ga into
ZnO improved the electrical conductivity. Simultaneously, the Seebeck coefficient of Ga-
doped ZnO also increased due to the presence of the voids, despite the additional charge
carriers, according to Joker relation. Apart from that, as suggested by Jood et al. [16], the
voids reduce the thermal conductivity of ZnO by increasing phonon scattering centres,
enhancing the thermoelectric performances of ZnO.

Table 2. Thermoelectric properties of Ga-doped ZnO.

Composition/Synthesis Method Thermoelectric Properties Ref

ZnO/Nylon-lined ball mill

ZT =~0.076, S =~-430 uV/K, 0 =~1622 S/m, PF = ~3 x 10~
W/mK?, k¥ =5 W/mK at 1000 °C

[66]
. ) ZT =~0.13, S=~-180 uV/K, o = ~16,600 S/m, PF = ~5.38 x 10~
(ZnossGaooz)O/Nylon-lined ball mill W/mK?, x = 5 W/mK at 1000 °C

(Zn0995Gaooos)O/high energy wet milling 2T =-0.0022,5=~-133 HV/K'Z(; j é 10,989 S/m, 1 =26.9 W/mK at [87]

ZnO/Wet chemistry gel combustion ZT =~0.0022, S=~-312.5 uV/K, 0 = ~197 S/m, x = ~9.4 W/mK at
800 °C 78]

(ZnossGaooz)O/Wet chemistry gel combus- ZT =~0.026, S = ~-562.5 uV/K, ¢ = ~268 S/m, x = ~3.5 W/mK at

tion method 800 °C

(ZnossGao.1)O/Atomic layer deposition S=60 uV/K, o =~180,832 S/m, PF = ~6.6 x 10~ W/mK? [88]

3.2.3. Ni-doped ZnO

Nickel (Ni) belongs to group 10 (transition metals) in the periodic table. It is very
hard, ductile and has high thermal conductivity (90.9 W/mK). Ni dopant acts as an excel-
lent electron donor, as their presence decreases the charge carrier concentration in ZnO
[23]. The primary material used in Ni-doping is Nickel oxide (NiO), which has a cubic
structure [34,46]. Table 3 indicates the thermoelectric properties of Ni-doped ZnO. The
addition of Ni to ZnO with the composition ZnixNixO (x = 0.03) indicates the optimal value
of ZT at the higher temperature. ZT value reduces as the composition increases above x =
0.03. The average size of samples is smaller (17.1 to 5.1 um) with higher Ni content [46].
Nevertheless, this method produced an average ZnO grain size of 28 nm for intrinsic ZnO,
where the grain size was reduced to 26 nm for Ni-doped (Znos7Nio.03)O powder [34]. Mean-
while, Ni-doped ZnO with the composition of x < 0.03 demonstrated a dense microstruc-
ture of a single-phase wurtzite ZnO structure [23,34] and a secondary phase as cubic when
the composition x > 0.0325. Despite the reduction in thermal conductivity associated with
grain size reduction, the charge mobility in the grain boundaries decreases due to the pin-
ning effects. This observation exhibits a trade-off in Ni-doped ZnO thermoelectric mate-
rials [46].
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Among the reported ZT values of Ni-doped ZnO thermoelectric materials, Colder et
al. [34] reported the highest value of 0.09, which was 75% higher compared to the value
reported by Koresh and Amouyal [23]. Similar to Al-doped ZnQO, the Seebeck coefficients
reported here were also negative values, indicating n-type conduction [23,34,46]. Accord-
ing to Koresh and Amouyal, higher Ni composition resulted in higher Seebeck coefficient
values at x <0.03 [34,46], whereby increased Ni composition will result in reduced Seebeck
coefficient, x > 0.03 [23]. Furthermore, the electrical conductivity of ZnO was also increased
upon Ni doping, primarily due to the increasing electron carrier concentration [34]. Simi-
lar to the Seebeck coefficient, when the Ni composition reaches x > 0.03, the electrical con-
ductivity begins to decrease [46]. This phenomenon could be due to the occurrences of the
secondary phase in the vicinity of the grain boundary, which in turn, decreases the grain
size. Smaller grain sizes yield a higher abundance of high resistivity grain boundary, re-
sulting in low electrical conductivity [34,46]. Apart from the electrical conductivity, the
Ni-doped element is capable of reducing the thermal conductivity at room temperature
[25]. However, despite the changes in electrical conductivity, the overall value of thermal
conductivity does not differ much with the addition of Ni in ZnO samples at higher tem-
peratures [23,34,46].

Table 3. Thermoelectric properties of Ni-doped ZnO.

Composition/Synthesis Method Thermoelectric Properties Ref
ZnO/Precipitation ZT =0.002, S=~-517 uV/K, 0 =~50 S/m, « =8 W/mK at 700 °C 23]
(Zno9o7Nios)O/Precipitation ZT=0.02, S=~-306 pV/K, 0 =~1790 S/m, x =8 W/mK at 700 °C
ZnO/Tape casting method PF =0.62 x 10~ W/mK?, S = ~-203 uV/K, 0 = ~1500 S/m at 800 °C [46]
(Zno97Nio0s)O/Tape casting method PF =17.6 x 10* W/mK?, S =-503 uV/K, 0 = 6970 S/m at 800 °C

ZnO/Liquid route synthesis

(Znos7Nios)O/Liquid route synthesis

ZT =0.0034, S=~-310 pV/K, ¢ = ~250 S/m, PF = ~0.24 x 10
W/mK?, ¥k =7 W/mK at 727 °C
ZT=0.09, S=~-420 uV/K, 0 = ~3401 S/m, PF = 6 x 10+ W/mK?, x =
6.5 W/mK at 727 °C

[34]

3.2.4. Bi-doped ZnO

Bismuth (Bi) belongs to group 15 in the periodic table. It has relatively lower toxicity
among heavy metals and low thermal conductivity (7.97 W/mK). Guan et al. [80] investi-
gated the effects of bismuth (III) oxide (Bi2Os) doped in ZnO. The samples were prepared
using a solid-state reaction method that yielded grain size within the range of 2 to 6 pm.
The Bi20:s particles in ZnO were segregated at the grain boundaries level resulting in their
low solubility. It was also reported that the low melting point of Bi:Os in ZnO at grain
boundaries affects the grain growth in Bi-doped ZnO samples by transport accelerations.

The addition of Bi in ZnO demonstrated a dramatic increase in the Seebeck coefficient
values (=533 uV/K). However, the electrical conductivity decreased beyond this value ow-
ing to higher electrical resistivity (> 108 Q2). Moreover, it is worth noting that the carrier
concentration is also lower than that of Al-doped ZnO. Apart from the electrical conduc-
tivity, the addition of Bi in ZnO significantly improved its lattice thermal conductivity
intrinsic ZnO. Based on the significant increase in grain size due to the segregation of
Bi20s, it can be suggested that Bi is not an ideal dopant to improve the ZT value of ZnO
for thermoelectric applications. Table 4 illustrates the thermoelectric properties of Bi-
doped in ZnO.

Table 4. Thermoelectric properties of Bi-doped ZnO.

Composition/Synthesis Method Thermoelectric Properties Ref

ZnO/Solid-state reaction

ZT =~0.009, S =~-107 uV/K, ¢ = ~2500 S/m, ¥ = ~3.1 W/mK at

700 °C [80]



Crystals 2022, 12, 1076 11 of 16

ZT =0.006, S=-533 uV/K, 0 =~230 S/m, « =10.5 W/mK at 700

(Zno.9sBio.2) O/Solid-state reaction °C

3.2.5. Sn-doped ZnO

Tin (Sn) belongs to group 14 of the periodic table, where it has low toxicity and is soft
and ductile with a thermal conductivity value of 66.8 W/mK. Table 5 indicates the effects
of tin (IV) oxide (SnO2) doped in ZnO (ZnixSnxO) on its thermoelectric properties. The
average grain size obtained ranged from 13.9 to 3.5 um. However, with higher Sn doping
concentrations, the grain size is reduced [38]. This reduction can be attributed to the pin-
ning effect caused by Zn25nOs particles present at the grain boundaries of ZnO, along with
the dragging effects between the added SnO: and grain boundaries. These effects result in
lower electron mobility by reducing grain size [38]. Meanwhile, Guan et al. [80] also re-
ported lower mobility in Sn-doped ZnO samples caused by the increased ionised impuri-
ties scattering within the samples.

The electrical conductivity for undoped ZnO increases slightly with the increment of
temperature, indicating its inherent semiconductor behaviour [38]. However, the addition
of Sn in ZnO modified the semiconductor conduction behaviour of intrinsic ZnO, where
the electric conductivity of Sn-doped ZnO decreases with increasing temperature [38]. The
electrical conductivity behaviour of Sn-doped ZnO observed by Guan et al. [80] exhibited
the opposite trend from other dopants (Ni, Al, etc.). As the electrical conductivity in-
creases, the Seebeck coefficient value reduces, leading to a lower ZT value attributed to
the lattice structure of Sn dopants. Since Sn has twice the ionised donor impurity that
provides carriers (electrons) [80], the addition of Sn content increases the carrier concen-
tration compared to Al, Bi, Ni and undoped ZnO [80]. This observation aligned with the
Joker relation, where a higher number of charge carriers result in higher electrical conduc-
tivity and a lower Seebeck coefficient.

The addition of small amounts of SnO: leads to a strong donor effect [38,80]. Zn atoms
(Zn?) in the ZnO lattice can be easily substituted by Sn atoms (Sn*), whereby the lattice
distortion is not affected. This differs from the Al dopant discussed in the previous section.
Since Zn and Sn have similar radii, Sn dopant can substitute vacancies in ZnO lattice with-
out creating significant voids or defects [38,80]. In terms of the alteration of thermoelectric
properties, the addition of Sn increases the thermal conductivity due to the larger grain
size leading to decreased phonon scattering.

Table 5. Thermoelectric properties of Sn-doped ZnO.

Composition/Synthesis Method Thermoelectric Properties Ref

(Zno0.95Sno.01)O/Solid-state reaction PF =1.25 x 10 W/mK?, S =~-160 uV/K, g = ~15 S/m at 800 °C [38]
Zn0/Solid-state reaction ZT =~0.009, S =~-107 uV/K, o =O 52500 S/m, k¥ =~3.1 W/mK at 700 0

(Zno.9sSno.02)O/Solid-state reaction ZT=0.012, S=-93 uV/K, 6 =900 S/m, k =7 W/mK at 700 °C

4. Concluding Remarks

ZnQO possesses promising potential in thermoelectric application due to its high phys-
icochemical stability, tunable properties and high abundance, which subsequently yields
low synthesis cost and complexity. The overall effect is a ZnO thermoelectric device can
operate at higher temperatures, has higher conversion efficiency, has higher reliability
and costs less to produce. With this research, millions of money in savings or in new op-
portunities to recover waste heat from high-temperature processes could be made availa-
ble. In order to enhance its thermoelectric properties, several approaches can be em-
ployed: (i) lowering the thermal conductivity, (ii) increasing the Seebeck coefficient, and
(iii) increasing the electrical conductivity. Based on the Hallaway model, smaller grain
size ZnO is desired to achieve lower thermal conductivity. In order to improve the elec-
trical conductivity of ZnO, a higher number of charge carriers is needed. However, based
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on the Joker relation on the Seebeck coefficient of ZnO, a high number of charge carriers
result in lowered Seebeck coefficient in ZnO, negatively affecting the overall thermoelec-
tric properties of ZnO. Therefore, optimisation of charge carriers in ZnO is needed to ob-
tain the desired thermoelectric properties.

According to the extant literature, several strategies have been reported to enhance
the thermoelectric properties of ZnO, including nanostructuring synthesis technique and
doping. Between the nanostructuring and non-nanostructuring synthesis approaches, the
nanostructuring approach yielded a smaller grain size corresponding to lower thermal
conductivity and improved Seebeck coefficient corresponding to its thermoelectric prop-
erties. As for doping strategies, doping of foreign particles in ZnO improves the overall
thermoelectric properties via several mechanisms. Firstly, the inclusion of foreign parti-
cles (such as Al) inhibits the grain growth, and the combination in the ZnO lattice results
in low thermal conductivity. Meanwhile, the addition of charged particles increased the
electrical conductivity of ZnO. These mechanisms effectively improved the thermoelectric
properties of ZnO. However, above the optimal doping concentration, the excessively
high number of charge carriers will reduce the Seebeck coefficient of ZnO, affecting its
overall thermoelectric properties. Thus, optimal doping conditions are called for.

5. Way Forward

This section is not mandatory but may be added if there are patents resulting from
the work reported in this manuscript. The review addressed the preliminary understand-
ing of the effects of doping and nanostructuring on the thermoelectric properties of ZnO.
The reported state-of-the-art strategy demonstrated the individual impact of doping con-
centration, doping species and nanostructuring strategies on the Seebeck coefficient, elec-
trical conductivity and thermal conductivity of ZnO thermoelectric materials. Therefore,
several technical gaps should be focused on to fully utilise ZnO materials for commercial
thermoelectric devices. First are the effects of hybrid doping species. Each doping species
possess individualised advantages and drawbacks. For instance, Al dopant introduces in-
creased carrier concentration without trading off the Seebeck coefficient. Meanwhile, Sn
dopant resulted in a relatively higher enhancement in electrical conductivity, but the pres-
ence of excessive charge carriers lowered the Seebeck coefficient. A hybridised doping of
Al and Sn species can yield promising outcomes in the thermoelectric properties of ZnO.

Apart from the mixed doping species, another approach which can be attempted is
the mixture of nanostructuring and doping strategies. Nanostructuring refines the grain
size of ZnO to achieve low thermal conductivity and to enhance its corresponding ther-
moelectric properties. Meanwhile, doping of ZnO suppresses the growth of ZnO grains,
enhancing its electrical properties by reducing the Seebeck coefficient. It can be speculated
that these two strategies can complement each other to potentially enhance the thermoe-
lectric performance of ZnO to another level. In order to achieve the desired properties,
this review provides a preliminary understanding of the nanostructuring and doping of
ZnO thermoelectric materials, which also serves as a useful fundamental for further de-
velopments of ZnO-based thermoelectric technologies.
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