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The efficiency of materials’ thermoelectric properties is often limited by various
factors, and enhancing these properties through defect engineering is an
effective strategy. This study investigated the defects-induced thermoelectric
characteristics of Sn-doped ZnO nanoparticles. The samples were synthesized
using the hydrothermal technique with varying concentrations of Sn. X-ray
diffraction analysis confirmed that pure and Sn-doped ZnO nanoparticles
exhibit a wurtzite structure, with an average crystallite size ranging from
22.8 to 181 nm. SEM micrographs revealed rod-like morphology which
changes into spherical and irregular morphologies across all samples, with
increased agglomeration observed with doping. EDX analysis verified the Sn
incorporation into Sn-doped ZnO nanostructure. The photoluminescence (PL)
spectrum showed significantly enhanced green emission, attributed to an
increase in defect concentrations with doping. The electrical conductivity is
increased with doping while the Seebeck coefficient reached the highest
value of 166 pV/K for the SZ-2 sample, which is higher than any other
synthesized sample. This behavior of the thermoelectric properties can be
attributed to the presumable increased free carrier density induced by Sn
doping in the ZnO crystal lattice, which enhanced both the Seebeck
coefficient and electrical conductivity, thereby improving thermoelectric
efficiency.
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1 Introduction

The study of renewable energy has gained considerable focus
over the past few years owing to the increasing need to meet global
energy requirements. With a substantial portion of produced
energy over

70% being wasted globally, addressing this

inefficiency has become critical. Thermoelectric energy
harvesting provides a viable approach by capturing waste heat
from sources like vehicle exhausts and factory chimneys,
contributing to improved energy utilization (Burnete et al,
2022; Miao et al., 2025). The growing global demand for energy
production, conservation, and management has highlighted the
importance of thermoelectric (TE) materials. These materials have
emerged as a promising solution for both primary power
generation and energy conservation, such as harvesting waste
heat. The effectiveness of thermoelectric materials in addressing
energy challenges lies in the efficiency of the thermoelectric
module. These modules are solid-state devices that convert
temperature gradients directly into electrical energy. They
operate without the need for moving parts, produce no
greenhouse gas emissions, and rely on electrons as their
working medium (Liu et al, 2025; Wang et al, 2025).
Thermoelectric materials, capable of directly converting thermal
energy into electricity, have garnered considerable interest for their
potential applications in sustainable and alternative energy
systems (Singh et al., 2024; Massetti et al., 2021). The efficiency
of these materials is commonly assessed using a dimensionless
Figure of merit, ZT, expressed as ZT = 0S*T/k, where S is the
Seebeck coefficient, o is electrical conductivity, and k is thermal
conductivity (Al-Galiby et al., 2025; Wang et al., 2024). Thermal
conductivity, indicating how well a material can transfer heat, is
influenced by various factors and can be broadly divided into
lattice and electronic contributions (Sarkar et al., 2024). These
arise from interactions with phonons, lattice imperfections,
impurities, electrons, grain boundaries, and interfaces. Strategies
to reduce thermal conductivity include introducing structural
defects defects, precipitates,

engineered nanostructures, and applying thermal treatments to

such as point dislocations,
degrade the crystal quality of the material (Zheng et al., 2021;
Chernatynskiy et al., 2018; Masoumi and Pakdel, 2022; Lu
et al., 2025).

Recent research has focused on developing materials and
techniques to achieve higher thermoelectric performance, with a
ZT exceeding 2. High-temperature thermoelectric applications have
like SiGe alloys,

chalcogenides, and transition-metal selenides (Hasan et al., 2020).

extensively explored materials rare-earth
Currently, the most effective thermoelectric materials include
metalloid alloys such as Bi,Te; and PbTe, which are effective at
medium and low temperatures (d’Angelo et al., 2023; Jamwal and
Mehta, 2019). Since industrial processes generate significant high-
temperature waste heat, thermoelectric modules that function
efficiently at high temperatures are in demand. However, the
high cost and oxidation susceptibility of these materials restricts
their large-scale use (Gonzalez-Barrios et al., 2024). Oxides present a
promising alternative due to their non-toxic nature, and excellent
and thermal

chemical stability. Both p-type and n-type

thermoelectric materials are crucial for constructing a

thermoelectric module, though progress in developing efficient
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n-type oxide materials lags behind that of p-type materials
(Baskaran and Rajasekar, 2024). ZnO is an abundant, wide-band
gap n-type semiconductor that has attracted significant attention
due to its potential applications. It can simultaneously detect light
and temperature signals through both photoelectric and
thermoelectric effects (Wang et al., 2018; Sulaiman et al., 2022).
Numerous approaches have been explored to improve performance
of ZnO, including cationic substitutions with elements such as Al,
Ga, In, Ti, Sb, and Co. developing ZnO-based composites;
improving material densification; and optimizing the structure of
ZnO (Yin et al., 2023; Uzar and Abdulaziz, 2024; Ali et al., 2021).
Extensive research on ZnO has focused on doping, including dual
doping with group 3 and group 5 elements, as well as transition
metals. The thermoelectric performance of ZnO is significantly
influenced by defect concentrations, such as oxygen vacancies
and zinc interstitials, however, it is only limitedly explored (Liu
et al,, 2021). Therefore, understanding the electrical properties of
ZnO is crucial for improving its performance. To enhance its
thermoelectric properties, doping and nanostructuring techniques
have been electrical

explored. These approaches

conductivity and reduce thermal conductivity by promoting

improve

phonon scattering at grain boundaries, which is crucial for
optimizing thermoelectric efficiency. Previous studies have shown
that at room temperature, the peak ZT value of Ga-doped ZnO
nanowires surpasses that of pure ZnO nanowires by a factor of 2.5
(Liu et al,, 2021). In recent studies, Jood et al. reported a ZT of
approximately 0.44 at 1000 K with thermal conductivity around
2 W/mK, though more enhancements are needed (Jood et al., 2011).
Cd; «Zn,O showed ZT of 0.52 at 1000 K with 1% doping (Prasad
and Bhame, 2020). This study focuses on doping tin into ZnO,
leveraging its ionic radius, which is similar to that of ZnO, making it
likely to integrate well into the ZnO matrix. Tin also offers abundant
electron states that can enhance carrier concentration, a crucial
factor for optimizing TE performance.

The objective of this study is the strategic use of Sn doping to
engineer defect levels within the ZnO lattice and their impact on
thermoelectric performance. This research work provides a
detailed understanding of how Sn substitution for Zn induces
structural  distortions and  increases  oxygen = vacancy
concentrations, which in turn modulate the electronic band
structure. The findings reveal a significant improvement in the
Seebeck coefficient and power factor with an increase in tin doping
concentration, particularly at 1 wt%. The study offers new insights
into the role of defect engineering in tuning the transport
properties of ZnO, demonstrating that controlled defect
engineering through doping is an effective pathway to enhance

its thermoelectric efficiency.

2 Materials and methods

2.1 Materials

The synthesis of pure and Sn-doped ZnO involved the use of
precursors such as zinc nitrate hexahydrate Zn(NO;),-6H,O, tin
nitrate hexahydrate Sn(NOs;),-6H,0, and sodium hydroxide
(NaOH), all with 99.99% purity. These materials, sourced from
Sigma Aldrich, were utilized without additional purification.
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Zn(NO,),.6H,0
+ Drop-wise NaOH

Sn(N03)2'6H2°

SCHEME 1
Hydrothermally synthesis of ZnO.

2.2 Material synthesis

The study utilized a hydrothermal process to synthesize both
undoped and Sn-doped ZnO powders. Sodium hydroxide (NaOH)
served as the base for reacting with zinc nitrate hexahydrate. Two
aqueous solutions, 0.4 M NaOH and 0.78 M zinc nitrate, were mixed
at room temperature, resulting in a whitish precipitate at a pH of 10.
This mixture was heated in an autoclave at 100°C for 10 h. The
resultant precipitates were washed five times using a centrifuge with
a methanol (20%) and distilled water (80%) solution to remove
impurities. The cleaned product was dried at 80°C for 24 h and
subsequently treated in a furnace at 600°C for 2 h to produce
undoped ZnO powder. For Sn-doped ZnO, tin nitrate was added
to the precursor solution, following the same synthesis steps as for
undoped ZnO. The prepared samples were labeled as ZnO (pure
ZnO0), ZS-1 (0.5% Sn-doped ZnO), ZS-2 (1.0% Sn-doped ZnO) and
78-3 for 1.5% Sn-doped ZnO. The synthesis of ZnO is given in
Scheme 1 as follows;

2.3 Material characterizations

The structural, morphological, and optical features of undoped
and Sn-doped ZnO nanoparticles were investigated using various
analytical methods. Techniques such as X-ray diffraction (XRD)
were employed to examine the crystalline structure, scanning
electron microscopy (SEM) was utilized to observe surface
morphology, and fluorescence spectrophotometry was applied to
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study optical properties. Furthermore, thermoelectric parameters,
including electrical conductivity along with the Seebeck coefficient,
were measured across a temperature range of 400°C-900°C using the
NETZSCH SBA 458 Nemesis system.

3 Result and discussion
3.1 Structural study

The structural characteristics of both undoped and Sn-doped
ZnO samples at varying concentrations of Sn were examined using
X-ray Diffraction (XRD). The XRD patterns exhibited prominent
peaks at 20 angles of approximately 31.81°, 34.20°, 36.30°, 47.74’,
56.48°, and 63.10°, which correspond to the (100), (002), (101),
(102), (110), (103), (201), and (200) crystallographic planes as
shown in Figure la. No additional impurity peaks were observed
in the patterns. These diffraction peaks are consistent with the
hexagonal wurtzite structure of ZnO and align with the reference
JCPDS card # 36-1,451. Figure 1b indicates that the peak position
for the (001), (002), and (101) planes of Sn-doped ZnO shifts to a
lower diffraction angle compared to pure ZnO indicating the
presence of Sn. This shift can be attributed to changes in the
intrinsic strain of the crystals. With an ionic radius of 0.069°nm,
Sn*" is smaller than Zn*', which has a radius of 0.074 nm causing
defects and lattice distortions within the crystal structure upon
2013). The high intensity and sharpness of
the peaks indicate a high degree of crystallinity. However, with

doping (Pan et al,
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(@) XRD analysis of pure and Sn-doped ZnO; (b) Diffraction peak shift in Sn-doped ZnO.

TABLE 1 Average crystallite size, lattice parameters, unit cell volume, d-spacing, and lattice strain of Undoped and Sn-doped ZnO.

Samples Avg. Crystallite Lattice Unit cell d-spacing Strain Dislocation

size (nm) parameters volume (A® (nm) (e) 1073 density (8)
: : (m-2)

a=b(A) c(A)
ZnO 2238 32432 52015 47.37 24651 1.0343 0.001923
78-1 215 32421 51993 47.32 2.4690 1.0734 0.002163
782 20.1 32401 5.1979 47.25 24733 1.2072 0.002475
753 18.1 3.2389 51967 47.21 24772 1.0704 0.003052
the incorporation of Sn doping, the peak intensity decreases, calculated wusing Equations 3, 4, respectively, and their

suggesting a reduction in crystallinity (Safeen et al., 2023).

A slight increment in the full width at half maximum (FWHM)
is detected in the doped samples, suggesting a decrement in
crystalline quality. This may be due to dopant atoms not having
favorable nucleation sites during crystal growth. The (101) lattice
plane exhibits the highest intensity, signifying a preferred
orientation in the crystalline structure.

Debye-Scherrer formula and Bragg’s equation are used for the
determination of crystallite size and d-spacing as expressed in
Equations 1, 2, respectively (Mubeen et al., 2023; Elboughdiri
et al.,, 2023).

oK 0
" BCoso
2d sinf = n) (2)

Here, in the above equations A, 6, and f denote the wavelength of
X-rays, diffraction angle, and FWHM, respectively. It can be seen
that undoped ZnO exhibits higher crystallite size than Sn-doped
ZnO and values are shown in Table 1. The lattice parameter and
volume of the unit cell (V) of all the synthesized samples were
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corresponding values are shown in Table 1.

1 4 W + hk + k? E

©)

C2
(4)

The symbols h, k, and [ signify the Miller indices of the crystal
planes, while the lattice parameters are denoted as a, b, and c. The
parameter d refers to the interplanar spacing between two adjacent
crystal planes. The lattice strain of undoped and Sn-doped ZnO
nanopowder was calculated using Equation 5.

B

strain (&) = Ttand
an

(5)

The dislocation density (d), refer to the length of dislocation
lines within a unit crystal volume, was determined using Equation 6
based on the Williamson and Smallman method (Akl and Elhadi,
2020; Mahmood et al., 2023). Higher values of crystallite size (D)
and lower values of dislocation density (8) reflect improved
crystallinity of the nanoparticles. The analysis revealed that the
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FIGURE 2
SEM micrograph of (@) ZnO (b) ZS-1 (c) ZS-2 (d) ZS-3.

dislocation density in the doped samples decreased with increasing
Sn concentration. This trend indicates the formation of structural
defects, as evidenced by photoluminescence spectra, which play a
critical role in enhancing the thermoelectric properties of oxides.

0=1; (6)

3.2 Morphological and elemental study

Scanning Electron Microscopy (SEM) is a versatile tool used in
various fields to analyze the surface morphology and structure of
materials at the nanoscale. SEM micrographs of undoped and Sn-
doped ZnO samples are depicted in Figure 2. Undoped ZnO consists
of small rod of different size as shown in Figure 2a. ZS-1, ZS-2, and
ZS-3 samples show spherical and irregular shape particles with
doping agglomeration increased in all the samples as illustrated
in Figures 2a-c. The transformation of ZnO morphology from
rodlike to spherical or irregular shapes (Figure 2d) upon doping
is primarily attributed to the influence of dopants on nucleation
kinetics, crystal growth mechanisms, and surface energy dynamics
during the synthesis process. The incorporation of dopants induces
strain and structural defects within the ZnO lattice due to the size
mismatch between the dopant ions and Zn>* ions. These lattice
distortions disrupt the preferred anisotropic growth direction,

Frontiers in Chemistry

thereby promoting the formation of irregular morphologies and
non-uniform particle shapes.

Energy dispersive X-ray spectroscopy (EDX) was used to verify
the Zn, O, and Sn elemental ratios in the samples. Figure 3 presents
the EDX analysis results for ZnO, SZ-2, SZ-2 and SZ-3 samples. The
spectra clearly show characteristic peaks corresponding to all
elements in the synthesized samples. Undoped ZnO consist of Zn
and O as depicted in Figure 3a, while doped ZnO have Zn, O and Sn
elements as shown in Figures 3b—d. The measured concentrations of
the Sn were found to be in close agreement with the intended values
as shown in the Figure insert.

3.3 UV-visible spectroscopy

To investigate the optical characteristics of the synthesized
samples, UV-Vis spectroscopy was employed. Figure 4 displays
the absorption spectra of both undoped and Sn-doped ZnO
measured at room temperature across the wavelength range of
250-800 nm. All samples exhibit distinct absorption edges
between 350 nm and 400 nm. Compared to undoped ZnO, the
Sn-doped samples show noticeably enhanced absorption in this
region. This increase in absorbance with doping suggests a
modification in the bandgap, which could be attributed to
changes in crystallite size and the introduction of lattice
distortions. These distortions may arise from interactions

frontiersin.org
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UV-Vis absorption spectra for the Undoped and Sn doped ZnO.

between the Sn dopant and the ZnO lattice, including a possible
reduction in oxygen vacancies (Safeen et al., 2022a; Ali et al., 2023).
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The absorbance spectra show that ZnO has an absorption edge
near 357 nm, which is associated with the excitation of electrons
from the valence band to the conduction band. When Sn is
introduced, the absorption edge shifts toward longer wavelengths
a phenomenon known as redshift. This shift can be linked to factors
such as increased surface area, the presence of oxygen vacancies, and
the substitution of Zn ions with Sn ions in the ZnO crystal lattice
(Safeen et al., 2023).

The optical band gap for the synthesized samples was calculated
by Tauc relation (Equation 7) given as;

ahy = B(hv - Eg)n (7)

where « is the coefficient of optical absorption, B is a constant and
hv is the energy of the incident photon. The value of n is assumed
to be 1/2 since ZnO is a semiconductor with a straight bandgap
(Safeen et al., 2022b). The energy bandgap was determined by
extrapolating the linear region of the (ahv)® versus hv plot to the
x-axis. Figure 5 illustrates these Tauc plots for both pure and Sn-
doped ZnO nanoparticles. The bandgap of undoped ZnO was
found to be 3.34 eV. With increasing Sn doping, the bandgap
gradually decreased, reaching a minimum value of 3.15 eV. The
reduction in bandgap energy and the enhanced absorbance
observed in the Sn-doped ZnO samples may be attributed to
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the substitution of Zn** ions with Sn*" ions in the ZnO lattice. This
incorporation of Sn*" into the host lattice alters the electronic
structure, as reflected by the bandgap shift. Additionally, the
observed changes can be linked to quantum confinement effects
and a high surface-to-volume ratio. Quantum confinement arises
when the particle size approaches the de Broglie wavelength of the
charge carriers, causing alterations in the electronic energy levels
and resulting in a narrower bandgap (Jia et al., 2024). Moreover,
the increased surface area due to the nanoscale size enhances
surface interactions, which can further modify the electronic
structure and lead to greater light absorption in the doped
samples (Mrabet et al, 2015; Ahmed et al., 2014; Gao and
Wang, 2024).

Frontiers in Chemistry

3.4 Photoluminescence study

Photoluminescence (PL) employed to

investigate the electronic structure, and discrete energy levels

spectroscopy  is

induced by doping of the synthesized samples. The PL spectra of
Sn-doped ZnO along with undoped ZnO nanoparticles, recorded
over the wavelength range of 350-650 nm, are presented in
Figure 6a. All synthesized samples consist of two emission bands
in PL spectra, one corresponding to intense UV emission and the
other to broad deep-level emission, as shown in Figure 6b. A detailed
examination of the PL spectra reveals that both undoped and Sn-
doped ZnO samples exhibit prominent peaks in the UV and visible
regions. The energy band gap can be inferred from the energy
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(a) PL spectra of pure and Sn doped ZnO, (b) Energy band level diagram.

corresponding to the prominent peaks in the PL spectra using the
formula E = hv (Hassanien et al., 2021; Huang et al.,, 2024). In the
UV region, emission peaks were observed at around 381 nm for all
the synthesized samples. These emissions are attributed to near-
band-edge (NBE) transitions, corresponding to band-to-band
electronic transitions (Radha et al., 2018). Similar UV emission
peaks have been reported in previous studies (Saikia et al., 2015).
Notably, the UV emission peak intensity increases with the Sn
doping concentration. This behavior aligns with findings in the
literature (Hammad et al., 2013). A slight blue shift in the UV
emission region was observed, which may be attributed to the
Burstein-Moss effect. Conversely, red shifts reported in the
literature have been associated with phenomena such as band
tailing or exchange interactions. Some distinct peaks were also
observed in the visible region around 536 nm corresponding to
green emissions which are associated with defects such as zinc
interstitial and ionized oxygen vacancies. This emission is a result
of the radiative recombination between a photo-generated hole and
an electron occupying the oxygen vacancy (Vo) in the lattice (Talam
et al,, 2012). Usually, Vo vacancies are considered as color centers,
which are important point defects in oxides. Oxygen vacancies are
widely regarded as the primary defects responsible for the green
emission in PL spectra of ZnO. Within the three charge states of
oxygen vacancies Vo, Vo', and Vo™ the singly ionized oxygen
vacancy is considered the main contributor to the green emission
(Hussein et al., 2024). Vanheusden et al. proposed that visible
emissions are caused by the recombination of electrons in the
Vo' center with photoexcited holes (h*) in the valence band
(Vanheusden et al, 1996). On the other hand, Wu et al.
different suggesting  that
emissions arise from the recombination of photoexcited electrons

presented a mechanism, visible
(e7) in the conduction band with holes trapped deeply in the V"
state (Wu T. et al, 2019). The PL spectra clearly show that the
intensity of peaks in the visible region increased by doping, leading
to an enhanced concentration of oxygen vacancies. This rise in
oxygen vacancies also results in an increase in interstitial Zn. In this

study, a clear trend of increasing oxygen vacancies with higher Sn
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doping concentrations was observed and these defects are primarily
for the enhancement of thermoelectric efficiency as discussed in the

next section.

3.5 Thermoelectric properties

To investigate the thermoelectric properties, the nanopowder
samples were compacted into circular pellets under a pressure of
10 tons for 1 minute. To minimize porosity, the pellets were heat-
treated at 450°C for 2 hours. Each pellet, with a diameter of 10 mm,
was then coated with silver paste to ensure proper electrical contact
during the measurements.

3.5.1 Electrical conductivity

The temperature-dependent electrical conductivity of Sn-doped
ZnO samples, along with that of the undoped ZnO sample, is shown
in Figure 7a. The electrical conductivity of ZnO increases slightly
with rising temperature, while the Sn-doped samples exhibit a more
pronounced increase, suggesting semiconducting behavior. It is
evident that the presence of Sn significantly influences electrical
conductivity. Incorporating small amounts of Sn into ZnO, as
observed in the ZS-1 and ZS-2 samples, leads to a notable
enhancement in conductivity with temperature. However, for the
ZS-3 sample with a higher Sn content, the conductivity gradually
decreases above 700 K. At 900 K, the electrical conductivity
increases, for undoped ZnO the value of electrical conductivity is
52 Sem!, 172 Scm™ for ZS-1, 246 Scm™! for ZS-2, and decreased to
226 Scm™' for the ZS-3 sample. This trend suggests that the
incorporation of suitable Sn doping enhances carrier
concentration, thereby enhancing the electrical conductivity. This
can be attributed to several competing factors that influence the
electrical conductivity such as the introduction of a small amount of
Sn, which induces a pronounced donor effect. The substitution of
Sn*" ions for Zn>" increases the electron density to maintain charge
balance, as the additional electrons act as donors, thereby enhancing
electrical conductivity and the addition of Sn** also results in a
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reduction in density and grain size, which leads to a higher

frequency of scattering events for charge transporters,
ultimately reduction electrical conductivity (Young D. et al,
2002; Young D. L. et al, 2002; Hao et al., 2024). Another
reason of the enhancement of electrical conductivity is that
the substitution of Sn** ions in ZnO modifies the band
structure, introducing an impurity level within the band
gap. The observed increase in carrier concentration may also
be partially ascribed to band gap narrowing and the suppression
of electron-hole recombination with higher doping levels (Lang
et al,, 2015). It is noteworthy that, as temperature rises, the
conductivity of the sample increased, while at higher doping
concentration (ZS-3) exhibits a decline. Electrical conductivity is
inherently dependent on both carrier concentration and mobility.
As the Sn content increases beyond the saturation level (ZS-2),
the carrier mobility decreases, leading to a corresponding drop in
conductivity. This reduction in mobility becomes the dominant
factor, resulting in lower conductivity for the ZS-3 sample. This
behavior is likely due to reduced carrier mobility at elevated
doping concentrations and relatively high temperatures. The
electrical conductivity of the ZS-2 samples investigated in this

study was significantly higher than other samples, primarily due

Frontiers in Chemistry

to a large number of charge carriers and reduced scattering events
associated with their higher density. The decline in mobility at
higher temperatures is primarily attributed to enhanced phonon
scattering, which disrupts charge transport despite the increased
carrier concentration (Chen et al., 2018; Zhu et al., 2025; Roddaro
et al., 2014).

3.5.2 Thermal conductivity

Figure 7b shows the thermal conductivity of both undoped ZnO
and Sn-doped ZnO across a temperature range of 400-900 K. At
lower temperatures, thermal conductivity decreases sharply for all
samples, while at higher temperatures, it exhibits an inverse
relationship with temperature. In the low-temperature regime,
scattering is primarily due to induced charge carriers and static
defects. As the temperature increases, phonons with longer mean
free paths become more dominant in thermal transport. Phonon
scattering is further influenced by various lattice imperfections,
including mass fluctuations, structural disorder, dislocations, and
grain boundaries, all of which contribute to the reduction in thermal
conductivity (Wu Y. et al, 2019; Boer and Pohl, 2023). The
substitution of Sn** ions into the ZnO lattice creates point
defects due to the slight mismatch in ionic radii. These defects
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serve as centers for phonon scattering, increasing lattice disorder
and reducing the mean free path of phonons. At elevated
temperatures, phonon-phonon scattering becomes the dominant
mechanism, further contributing to a significant decrease in
thermal conductivity (Jiang, 2019). Sn doping influences the
electronic contribution to thermal conductivity by modifying
carrier concentration and mobility, increasing electron-phonon
interactions, which further hinder thermal transport (Thompson
et al., 2015). Defect-induced changes, such as the formation of
oxygen vacancies or Zn interstitials, may also contribute to the
observed decrease in thermal conductivity. These defects can
disrupt the lattice structure, reducing phonon group velocity
and, consequently, lowering the thermal conductivity (Biswas
et al.,, 2021). Moreover, Sn doping leads to an increase in grain
boundaries, which enhances phonon scattering at these
boundaries, further reducing the thermal conductivity. At
900 K, the thermal conductivity decreased from 27 W/mK to
approximately 3 W/mK with 1.0 wt% Sn doping. Additionally, the
morphological transition from rod-like to more spherical grains
with higher Sn doping significantly affects the thermal transport
properties of ZnO. In thermoelectric materials, phonon scattering
is crucial for reducing thermal conductivity, which in turn
enhances the figure of merit (ZT). Spherical or irregularly
shaped grains create more grain boundaries and surface defects
compared to well-aligned rod-like structures, and these additional
interfaces serve as effective phonon scattering centers. This
disruption in phonon transport pathways contributes to a
reduction in lattice thermal conductivity. The observed change
in grain morphology, as seen in our SEM analysis, promotes
increased phonon scattering, which aligns with the reduction in
thermal conductivity and supports the improvement in the
thermoelectric performance of Sn-doped ZnO. Such a decrease
in  thermal is  beneficial for

conductivity enhancing

thermoelectric efficiency.

3.5.3 Seebeck coefficient

Figure 7c illustrates the Seebeck coefficient as a function of
temperature for both undoped and Sn-doped samples. Across the
whole temperature range, the Seebeck coefficient remains negative
for all samples, suggesting that electrons are primarily charge
transporters. Conspicuously, the absolute Seebeck coefficient for
Sn-doped samples is greater than that of undoped ZnO. The
recorded temperature variation of both the Seebeck coefficient
and electrical conductivity deviates from typical behavior. In
conventional  semiconductors, an increment in carrier
concentration generally leads to a reduction in the Seebeck
coefficient (Lee et al, 2022). These findings indicate that the
be

adequately explained using traditional band theory models but

conduction mechanism in Sn-doped samples cannot
may involve strong electron-electron correlation effects (Terasaki,
2001; Shin and Murayama, 2001). Similar behavior was reported by
park et al. for Sn-doped ZnO material (Park et al., 2008). Doping of
Sn enhances the Seebeck coefficient, for undoped ZnO 40 puV/K at
900K, 110 uV/K for ZS-1, 166 uV/K for ZS-2 and decreased to
134 uV/K for ZS-3 samples. This improvement at appropriate Sn
concentrations is attributed to defects that impede the mobility of
low-energy carriers. These defects are likely associated with oxygen

vacancies in the lattice structure. A greater number of defects in Sn
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doped as to undoped ZnO attribute

enhancement in optical absorption and reduction in band gap

samples compared
(Ganesh et al., 2017). Thermoelectric efficiency is greatly
influenced by these defects, significantly improving performance.
The structural alterations induced by Sn-doping strongly influence
the crystal lattice, thereby enhancing the material’s thermoelectric
properties (Chen et al., 2020). The observed increase in the Seebeck
coefficient and band gap modifications in Sn-doped ZnO are directly
linked to defect formation, which is critical for boosting
thermoelectric efficiency. Additionally, for samples with higher
Sn content ZS-3, the absolute value of the Seebeck coefficient
decreases as an increase in Sn*" content. The temperature
dependence of the Seebeck coefficient for all the synthesized
samples, showing a gradual increase in its absolute value with
rising temperature, except the ZS-3 sample.

One possible explanation for the simultaneous increase in
electrical conductivity and Seebeck coefficient in Sn-doped
samples could be the presence of energy dependent scattering
centers or carrier filtering effects. These effects make lower-energy
carriers scatter more easily, allowing higher energy carriers more
relevant to the Seebeck effect to contribute to electrical conduction.
This results in an increase in the Seebeck coefficient while
maintaining good electrical conductivity (Jacob et al, 2021;
Ghodke et al., 2019). Previous studies have shown that point
defects, such as oxygen vacancies, and bulk defects (like
secondary phases) can significantly affect both the band
structure and transport properties. The enhancement of the
Seebeck with
temperature can be understood through the interplay between

coefficient respect to concentration and
the Seebeck coefficient and the scattering factor. In our
photoluminescence (PL) findings, oxygen vacancy related zero-
dimensional defects likely create additional scattering centers,
which improve the scattering factor and thus increase the
Seebeck coefficient. These oxygen vacancies may also promote
localized states in the electronic structure, which act as scattering
centers and filter charge carriers based on their energy (Shi et al.,
20205 Li et al., 2010; Wu et al., 2015). When Sn is introduced into
the material, it can induce impurity states or resonant levels near
the conduction or valence bands. These states are typically
sensitive to the valence and electronegativity of the impurity,
and when induced by other transition metal dopants, they can
be particularly beneficial for enhancing thermopower at middle to
high temperatures (Simonson et al., 2011; Jamradloedluk et al.,
2024; Rebellon et al., 2024). These resonant states can increase the
density of states near the Fermi level, which in turn elevates the
Seebeck coefficient. At the same time, they facilitate the movement
of charge carriers, maintaining good electrical conductivity (Wu

et al., 2017; Zhang et al., 2021).

3.5.4 Power factor

Power factor (PF) of all the synthesized samples is shown in
Figure 7d. Sample ZS-2 demonstrates a higher PF than ZnO, ZS-1
and ZS-3. At 900 K, the PF reaches approximately 4.8 x 10°°
Wm™'K”?, which is much higher than other samples. This
indicates that an appropriate amount of doping can enhance the
electrical transport behavior in ZnO. Consequently, co-doping
proves
thermoelectric performance.

to be a promising strategy for boosting ZnO’s
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4 Summary

This study explores the structural, morphological, optical, and
thermoelectric properties of Sn-doped ZnO nanoparticles synthesized
via the hydrothermal method with varying Sn concentrations. X-ray
diffraction analysis confirmed the wurtzite crystal structure while
SEM analysis revealed a transition from rod-like to spherical and
irregular morphologies with increased agglomeration in doped
samples. EDX analysis confirmed the successful incorporation of
Sn into the ZnO lattice. Photoluminescence spectra exhibited a
defect
concentrations with doping. Electrical conductivity improved with

pronounced  green  emission, indicating  higher
Sn doping, and the Seebeck coefficient reached a maximum of 166 V/
K for the SZ-2 sample, surpassing values recorded for other
synthesized samples. The Sn-doped ZnO nanostructures analyzed
in this study are appropriate for applications in thermoelectric
conversion devices as well as to enable the available potential of

defects for enhancing thermoelectric performance.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

DA: Data Methodology,
Writing - review and editing, Writing — original draft, Software.
RK: Writing - review and editing, Methodology, Funding

curation, Investigation,

acquisition. AYA: Conceptualization, Investigation, Software,
Writing - original draft. KS: Writing - original draft, Formal
Analysis, Data curation, Methodology. AA: Writing — review and
editing, Project administration, Formal Analysis. MA: Funding
acquisition, Writing — review and editing. KA: Writing - original
draft, Investigation, Software. KK: Validation, Visualization,
Resources, Writing - original draft. ZA: Visualization, Validation,

References

Ahmed, F., Arshi, N., Anwar, M., Danish, R., and Koo, B. H. (2014). Morphological
evolution of ZnO nanostructures and their aspect ratio-induced enhancement in
photocatalytic properties. RSC Adv. 4 (55), 29249-29263. doi:10.1039/c4ra02470b

AKl, A. S., and Elhadi, M. (2020). Estimation of crystallite size, lattice parameter,
internal strain and crystal impurification of nanocrystalline AI3Ni20Bx alloy by
Williamson-Hall method. J. Ovonic Res. 16 (5), 323-335. doi:10.15251/jor.2020.165.323

Al-Galiby, Q. H., Algharagholy, L. A., Sadeghi, H., and Suarez, V. G. (2025). Highly
efficient thermoelectric converters based on metalloporphyrin nanotubes. J. Mater.
Chem. A 13, 9323-9331. doi:10.1039/d4ta08282f

Ali, A, Shah, W. H,, Safeen, A., Ali, L., Tufail, M., Ullah, Z., et al. (2023). Effect of Ca
doping on the arbitrary canting of magnetic exchange interactions in Lal-xCaxMnO3
nanoparticles. Front. Mater. 10, 1117793. doi:10.3389/fmats.2023.1117793

Alj, H. T., Jacob, J., Khalid, M., Mahmood, K., Yusuf, M., Mehboob, K., et al. (2021).
Optimizing the structural, morphological and thermoelectric properties of zinc oxide by
the modulation of cobalt doping concentration. J. Alloys Compd. 871, 159564. doi:10.
1016/j.jallcom.2021.159564

Baskaran, P., and Rajasekar, M. (2024). Recent trends and future perspectives of
thermoelectric materials and their applications. RSC Adv. 14 (30), 21706-21744. doi:10.
1039/d4ra03625e

Biswas, S., Singh, S., Singh, S., Chattopadhyay, S., De Silva, K. K. H., Yoshimura, M.,
et al. (2021). Selective enhancement in phonon scattering leads to a high thermoelectric

Frontiers in Chemistry

11

10.3389/fchem.2025.1598509

Project administration, Writing - original draft. AS: Project
administration, Visualization, Supervision, Writing - original
draft, Formal Analysis, Conceptualization, Data curation,

Funding acquisition, Resources, Investigation.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. The authors would like to
acknowledge the Higher Education Commission of Pakistan (HEC)
via the National Research Program for Universities (NRPU) Project
No. 20-16971/NRPU/R&D/HEC/2021 for funding this study. This
research was funded by Taif University, Saudi Arabia, Project No.
(TU-DSPP-2024-01).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

figure-of-merit in graphene oxide-encapsulated ZnO nanocomposites. ACS Appl.
Mater. and Interfaces 13 (20), 23771-23786. doi:10.1021/acsami.1c04125

Boer, K. W., and Pohl, U. W. (2023). “Phonon-induced thermal properties,” in
Semiconductor physics (Springer), 157-190.

Burnete, N. V., Mariasiu, F., Depcik, C., Barabas, I., and Moldovanu, D. (2022).
Review of thermoelectric generation for internal combustion engine waste

heat recovery. Prog. Energy Combust. Sci. 91, 101009. doi:10.1016/j.pecs.2022.
101009

Chen, Z., Guo, X, Zhang, F., Shi, Q.,, Tang, M., and Ang, R. (2020). Routes for
advancing SnTe thermoelectrics. J. Mater. Chem. A 8 (33), 16790-16813. doi:10.1039/
d0ta05458e

Chen, Z., Zhang, X, and Pei, Y. (2018). Manipulation of phonon transport in
thermoelectrics. Adv. Mater. 30 (17), 1705617. doi:10.1002/adma.201705617

Chernatynskiy, A., Clarke, D. R,, and Phillpot, S. R. (2018). “Thermal transport in
nanostructured materials,” in Handbook of nanoscience, engineering, and technology
(Florida, USA: CRC Press), 568-595.

d’Angelo, M., Galassi, C., and Lecis, N. (2023). Thermoelectric materials and
applications: a review. Energies 16 (17), 6409. doi:10.3390/en16176409

Elboughdiri, N., Igbal, S., Abdullaev, S., Aljohani, M., Safeen, A., Althubeiti, K., et al.
(2023). Enhanced electrical and magnetic properties of (Co, Yb) co-doped ZnO

frontiersin.org


https://doi.org/10.1039/c4ra02470b
https://doi.org/10.15251/jor.2020.165.323
https://doi.org/10.1039/d4ta08282f
https://doi.org/10.3389/fmats.2023.1117793
https://doi.org/10.1016/j.jallcom.2021.159564
https://doi.org/10.1016/j.jallcom.2021.159564
https://doi.org/10.1039/d4ra03625e
https://doi.org/10.1039/d4ra03625e
https://doi.org/10.1021/acsami.1c04125
https://doi.org/10.1016/j.pecs.2022.101009
https://doi.org/10.1016/j.pecs.2022.101009
https://doi.org/10.1039/d0ta05458e
https://doi.org/10.1039/d0ta05458e
https://doi.org/10.1002/adma.201705617
https://doi.org/10.3390/en16176409
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2025.1598509

Arif et al.

memristor for neuromorphic computing. RSC Adv. 13 (51), 35993-36008. doi:10.1039/
d3ra06853f

Ganesh, V., Yahia, I, AlFaify, S., and Shkir, M. (2017). Sn-doped ZnO nanocrystalline
thin films with enhanced linear and nonlinear optical properties for optoelectronic
applications. J. Phys. Chem. Solids 100, 115-125. doi:10.1016/j.jpcs.2016.09.022

Gao, H., and Wang, B. (2024). A first-principles study on structural stability and
magnetoelectric coupling of two-dimensional BaTiO3 ultrathin film with Cr and Cu
substituting Ti site. Apl. Mater. 12 (9). doi:10.1063/5.0223008

Ghodke, S., Yamamoto, A., Hu, H. C,, Nishino, S., Matsunaga, T., Byeon, D., et al.
(2019). Improved thermoelectric properties of re-substituted higher manganese silicides
by inducing phonon scattering and an energy-filtering effect at grain boundary
interfaces. ACS Appl. Mater. and interfaces 11 (34), 31169-31175. doi:10.1021/
acsami.9b09397

Gonzalez-Barrios, M., Tabuyo-Martinez, M., Avila-Brande, D., and Prado-Gonjal, J.
(2024). Perspective on crystal structures, synthetic methods, and new directions in
thermoelectric materials. Small Struct. 5 (10), 2400136. doi:10.1002/sstr.202400136

Hammad, T. M, Salem, J. K., and Harrison, R. G. (2013). Structure, optical properties
and synthesis of Co-doped ZnO superstructures. Appl. Nanosci. 3, 133-139. doi:10.
1007/513204-012-0077-9

Hao, R.-M,, Zhu, L., Shang, T.-F., Xu, Z.-B., and Wu, Q.-P. (2024). Strong absorption
of silica over full solar spectrum boosted by interfacial junctions and light-heat-storage
of Mg (OH) 2—-(CrOx-Si02). Chem. Eng. J. 497, 154979. doi:10.1016/j.cej.2024.154979

Hasan, M. N., Wahid, H., Nayan, N., and Mohamed Ali, M. S. (2020). Inorganic
thermoelectric materials: a review. Int. J. Energy Res. 44 (8), 6170-6222. doi:10.1002/er.
5313

Hassanien, A. S., Akl, A. A, and El Radaf, I, (2021). Comparative studies for
determining the optical Band-gap energy of the mnovel polycrystalline thin
Znga2s4 films sprayed at different film thicknesses.

Huang, Z., Zhang, C., Ge, L., Chen, Z,, Lu, K., and Wu, C. (2024). Joining spatial
deformable convolution and a dense feature pyramid for surface defect detection. IEEE
Trans. Instrum. Meas. 73, 1-14. doi:10.1109/tim.2024.3370962

Hussein, A. M., Azeez, H. S., Abdalrahman, R. A., Ismail, M. M., and Lafta, S. H.
(2024). Study the effect of ion doping on ZnO nanostructures for room temperature
NH3 gas sensor. ECS J. Solid State Sci. Technol. 13 (8), 087001. doi:10.1149/2162-8777/
ad670e

Jacob, J., Rehman, U.,, Mahmood, K., Ali, A., Ashfag, A., Amin, N, et al. (2021).
Simultaneous enhancement of Seebeck coefficient and electrical conductivity in ZnSnO
by the engineering of grain boundaries using post annealing. Phys. Lett. A 388, 127034.
doi:10.1016/j.physleta.2020.127034

Jamradloedluk, J., Bamroongkhan, P., and Lertsatitthanakorn, C. (2024). Thermal
modeling and experimental investigation of a thermoelectric drinking water cooler
integrated with heat pipe heatsink. Eng. Sci. 31, 1271. d0i:10.30919/es1271

Jamwal, D., and Mehta, S. K. (2019). Metal telluride nanomaterials: facile synthesis,
properties and applications for third generation devices. ChemistrySelect 4 (6),
1943-1963. doi:10.1002/slct.201803680

Jia, Y., Chen, G., and Zhao, L. (2024). Defect detection of photovoltaic modules based
on improved VarifocalNet. Sci. Rep. 14 (1), 15170. doi:10.1038/s41598-024-66234-3

Jiang, D. (2019). Tungsten bronze structured compounds for thermoelectric
applications. United Kingdom: The University of Manchester.

Jood, P., Mehta, R.]., Zhang, Y., Peleckis, G., Wang, X,, Siegel, R. W, et al. (2011). Al-
doped zinc oxide nanocomposites with enhanced thermoelectric properties. Nano Lett.
11 (10), 4337-4342. doi:10.1021/n120243%h

Lang, ., Li, C., Wang, S., Lv, J., Su, Y., Wang, X,, et al. (2015). Coupled heterojunction
Sn2Ta207@ SnO2: cooperative promotion of effective Electron-hole separation and
superior visible-light absorption. ACS Appl. Mater. and Interfaces 7 (25), 13905-13914.
doi:10.1021/acsami.5b02271

Lee, K. H,, Kim, S. i., Lim, J. C,, Cho, J. Y., Yang, H., and Kim, H. S. (2022). Approach
to determine the density-of-states effective mass with carrier concentration-dependent
Seebeck coefficient. Adv. Funct. Mater. 32 (33), 2203852. doi:10.1002/adfm.202203852

Li, J.-F, Liu, W.-S, Zhao, L.-D., and Zhou, M. (2010). High-performance
nanostructured thermoelectric materials. NPG Asia Mater. 2 (4), 152-158. doi:10.
1038/asiamat.2010.138

Liu, C, Li, Z., Jiang, L., Zhu, H., Wang, F., and Sheng, L. (2025). Dipole-dipole

interactions in electrolyte to facilitate Li-ion desolvation for low-temperature Li-ion
batteries. J. Energy Chem. 104, 678-686. doi:10.1016/j.jechem.2025.01.017

Liu, S., Li, G., Lan, M., Zhu, M., Miyazaki, K., and Wang, Q. (2021). Role of intrinsic

defects on thermoelectric properties of ZnO: Al films. Ceram. Int. 47 (12),17760-17767.
doi:10.1016/j.ceramint.2021.03.098

Lu, L, Le, J., Zhang, L., Shen, S., and Ren, X. (2025). Polarization independent tunable
near-perfect absorber based on graphene-BaO arrays and Ag-dielectric Bragg reflector
composite structure. Diam. Relat. Mater. 152, 111958. doi:10.1016/j.diamond.2025.
111958

Mahmood, M. A., Althubeiti, K., Abdullaev, S. S., Rahman, N., Sohail, M., Igbal, S.,
et al. (2023). Diluted magnetic semiconductor behavior in Co-and Gd-co-doped ZnO

Frontiers in Chemistry

12

10.3389/fchem.2025.1598509

nanotubes for spintronic applications. J. Mater. Sci. Mater. Electron. 34 (25), 1784.
doi:10.1007/s10854-023-11181-4

Masoumi, S., and Pakdel, A. (2022). Nanoengineering approaches to tune thermal
and electrical conductivity of a BiSbTe thermoelectric alloy. Adv. Eng. Mater. 24 (1),
2100955. doi:10.1002/adem.202100955

Massetti, M., Jiao, F., Ferguson, A.J., Zhao, D., Wijeratne, K., Wiirger, A., etal. (2021).
Unconventional thermoelectric materials for energy harvesting and sensing
applications. Chem. Rev. 121 (20), 12465-12547. doi:10.1021/acs.chemrev.1c00218

Miao, Z., Meng, X,, Li, X, Liang, B., and Watanabe, H. (2025). Enhancement of net
output power of thermoelectric modules with a novel air-water combination. Appl.
Therm. Eng. 258, 124745. doi:10.1016/j.applthermaleng.2024.124745

Mrabet, C., Kamoun, O., Boukhachem, A., Amlouk, M., and Manoubi, T. (2015).
Some physical investigations on hexagonal-shaped nanorods of lanthanum-doped ZnO.
J. Alloys Compd. 648, 826-837. doi:10.1016/j.jallcom.2015.07.009

Mubeen, K., Safeen, K., Irshad, A., Safeen, A., Ghani, T., Shah, W. H., et al. (2023).
ZnO/CuSe composite-mediated bandgap modulation for enhanced photocatalytic
performance against methyl blue dye. Sci. Rep. 13 (1), 19580. doi:10.1038/s41598-
023-46780-y

Pan, Z., Zhang, P., Tian, X,, Cheng, G., Xie, Y., Zhang, H., et al. (2013). Properties of
fluorine and tin co-doped ZnO thin films deposited by sol-gel method. J. Alloys Compd.
576, 31-37. doi:10.1016/j.jallcom.2013.04.132

Park, K., Seong, J., Kwon, Y., Nahm, S., and Cho, W.-S. (2008). Influence of
SnO2 addition on the thermoelectric properties of Znl- xSnxO (0.01< x< 0.05).
Mater. Res. Bull. 43 (1), 54-61. doi:10.1016/j.materresbull.2007.02.018

Prasad, R., and Bhame, S. D. (2020). Review on texturization effects in thermoelectric
oxides. Mater. Renew. Sustain. Energy 9 (1), 3. doi:10.1007/540243-019-0163-y

Radha, B., Rathi, R,, Lalithambika, K., Thayumanavan, A., Ravichandran, K., and
Sriram, S. (2018). Effect of Fe doping on the photocatalytic activity of ZnO
nanoparticles: experimental and theoretical investigations. J. Mater. Sci. Mater.
Electron. 29, 13474-13482. doi:10.1007/s10854-018-9472-7

Rebellon, H. E,, Henao, O. F. P, Gutierrez-Velasquez, E. I, Amell, A. A,, and
Colorado, H. A. (2024). Thermoelectric modules: applications and opportunities in
building environments for sustainable energy generation from biomass, municipal
waste, and other sources. Eng. Sci. 29, 1164. doi:10.30919/es1164

Roddaro, S., Ercolani, D., Safeen, M. A., Rossella, F., Piazza, V., Giazotto, F., et al.
(2014). Large thermal biasing of individual gated nanostructures. Nano Res. 7, 579-587.
doi:10.1007/512274-014-0426-y

Safeen, A., Safeen, K., Shafique, M., Igbal, Y., Ahmed, N., Rauf Khan, M. A,, et al.
(2022b). The effect of Mn and Co dual-doping on the structural, optical, dielectric and
magnetic properties of ZnO nanostructures. RSC Adv. 12 (19), 11923-11932. doi:10.
1039/d2ra01798a

Safeen, A., Safeen, K., Ullah, R., Zulfqar, Z., Shah, W. H., Zaman, Q., et al. (2022a).
Enhancing the physical properties and photocatalytic activity of TiO 2 nanoparticles via
cobalt doping. RSC Adv. 12 (25), 15767-15774. doi:10.1039/d2ra01948¢

Safeen, K., Safeen, A., Arif, D., Shah, W. H,, Ali, A, Ali, G,, et al. (2023). Tuning the
optical properties of ZnO by Co and Gd doping for water pollutant elimination. Water
15 (8), 1470. doi:10.3390/w15081470

Saikia, L., Bhuyan, D., Saikia, M., Malakar, B., Dutta, D. K., and Sengupta, P. (2015).
Photocatalytic performance of ZnO nanomaterials for self sensitized degradation of
malachite green dye under solar light. Appl. Catal. A General 490, 42-49. doi:10.1016/j.
apcata.2014.10.053

Sarkar, D., Bhui, A., Maria, L., Dutta, M., and Biswas, K. (2024). Hidden structures: a
driving factor to achieve low thermal conductivity and high thermoelectric
performance. Chem. Soc. Rev. 53, 6100-6149. doi:10.1039/d4cs00038b

Shi, X.-L., Zou, J., and Chen, Z.-G. (2020). Advanced thermoelectric design: from
materials and structures to devices. Chem. Rev. 120 (15), 7399-7515. doi:10.1021/acs.
chemrev.0c00026

Shin, W, and Murayama, N. (2001). Electronic structure of NaCo204. Mater. Lett. 49
(5), 262-266. doi:10.1016/s0167-577x(00)00380-3

Simonson, J., Wu, D., Xie, W., Tritt, T., and Poon, S. (2011). Introduction of
resonant states and enhancement of thermoelectric properties in half-Heusler alloys.
Phys. Rev. B—Condensed Matter Mater. Phys. 83 (23), 235211. doi:10.1103/physrevb.
83.235211

Singh, R., Dogra, S., Dixit, S., Vatin, N. I, Bhardwaj, R., Sundramoorthy, A. K., et al.
(2024). Advancements in thermoelectric materials for efficient waste heat recovery and
renewable energy generation. Amsterdam, Netherlands: Hybrid Advances.100176.

Sulaiman, S., Sudin, L., Al-Naib, U. M. B., and Omar, M. F. (2022). Review of the
nanostructuring and doping strategies for high-performance ZnO thermoelectric
materials. Crystals 12 (8), 1076. doi:10.3390/cryst12081076

Talam, S., Karumuri, S. R., and Gunnam, N. (2012). Synthesis, characterization, and
spectroscopic properties of ZnO nanoparticles. Int. Sch. Res. Notices 2012 (1), 1-6.
doi:10.5402/2012/372505

Terasaki, I. (2001). Cobalt oxides and Kondo semiconductors: a pseudogap system as
a thermoelectric material. Mater. Trans. 42 (6), 951-955. doi:10.2320/matertrans.42.951

frontiersin.org


https://doi.org/10.1039/d3ra06853f
https://doi.org/10.1039/d3ra06853f
https://doi.org/10.1016/j.jpcs.2016.09.022
https://doi.org/10.1063/5.0223008
https://doi.org/10.1021/acsami.9b09397
https://doi.org/10.1021/acsami.9b09397
https://doi.org/10.1002/sstr.202400136
https://doi.org/10.1007/s13204-012-0077-9
https://doi.org/10.1007/s13204-012-0077-9
https://doi.org/10.1016/j.cej.2024.154979
https://doi.org/10.1002/er.5313
https://doi.org/10.1002/er.5313
https://doi.org/10.1109/tim.2024.3370962
https://doi.org/10.1149/2162-8777/ad670e
https://doi.org/10.1149/2162-8777/ad670e
https://doi.org/10.1016/j.physleta.2020.127034
https://doi.org/10.30919/es1271
https://doi.org/10.1002/slct.201803680
https://doi.org/10.1038/s41598-024-66234-3
https://doi.org/10.1021/nl202439h
https://doi.org/10.1021/acsami.5b02271
https://doi.org/10.1002/adfm.202203852
https://doi.org/10.1038/asiamat.2010.138
https://doi.org/10.1038/asiamat.2010.138
https://doi.org/10.1016/j.jechem.2025.01.017
https://doi.org/10.1016/j.ceramint.2021.03.098
https://doi.org/10.1016/j.diamond.2025.111958
https://doi.org/10.1016/j.diamond.2025.111958
https://doi.org/10.1007/s10854-023-11181-4
https://doi.org/10.1002/adem.202100955
https://doi.org/10.1021/acs.chemrev.1c00218
https://doi.org/10.1016/j.applthermaleng.2024.124745
https://doi.org/10.1016/j.jallcom.2015.07.009
https://doi.org/10.1038/s41598-023-46780-y
https://doi.org/10.1038/s41598-023-46780-y
https://doi.org/10.1016/j.jallcom.2013.04.132
https://doi.org/10.1016/j.materresbull.2007.02.018
https://doi.org/10.1007/s40243-019-0163-y
https://doi.org/10.1007/s10854-018-9472-7
https://doi.org/10.30919/es1164
https://doi.org/10.1007/s12274-014-0426-y
https://doi.org/10.1039/d2ra01798a
https://doi.org/10.1039/d2ra01798a
https://doi.org/10.1039/d2ra01948e
https://doi.org/10.3390/w15081470
https://doi.org/10.1016/j.apcata.2014.10.053
https://doi.org/10.1016/j.apcata.2014.10.053
https://doi.org/10.1039/d4cs00038b
https://doi.org/10.1021/acs.chemrev.0c00026
https://doi.org/10.1021/acs.chemrev.0c00026
https://doi.org/10.1016/s0167-577x(00)00380-3
https://doi.org/10.1103/physrevb.83.235211
https://doi.org/10.1103/physrevb.83.235211
https://doi.org/10.3390/cryst12081076
https://doi.org/10.5402/2012/372505
https://doi.org/10.2320/matertrans.42.951
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2025.1598509

Arif et al.

Thompson, D. R, Liu, C,, Yang, J., Salvador, J. R, Haddad, D. B, Ellison, N. D., et al.
(2015). Rare-earth free p-type filled skutterudites: mechanisms for low thermal
conductivity and effects of Fe/Co ratio on the band structure and charge transport.
Acta Mater. 92, 152-162. doi:10.1016/j.actamat.2015.03.032

Uzar, N, and Abdulaziz, U. (2024). Investigation of structural, optical, electrical,
thermoelectric and optoelectronic properties of undoped ZnO, Sb-doped ZnO and Sb-B
co-doped ZnO thin films. Mater. Chem. Phys. 322, 129519. doi:10.1016/j.matchemphys.2024.
129519

Vanheusden, K., Seager, C., Warren, W. t, Tallant, D., and Voigt, J. (1996).
Correlation between photoluminescence and oxygen vacancies in ZnO phosphors.
Appl. Phys. Lett. 68 (3), 403-405. doi:10.1063/1.116699

Wang, D., Li, Z, Liu, Z,, You, C,, Cheng, J., Wang, D,, et al. (2024). Stacking faults
stabilize oxygen vacancies at high temperatures to improve the thermoelectric
performance of ZnO. J. Alloys Compd. 1005, 175928. doi:10.1016/j.jallcom.2024.175928

Wang, M., Wang, J., Wang, P., Wang, Z., Tang, S., Qian, G., et al. (2025). Multi-pass
cavity-enhanced Raman spectroscopy of complex natural gas components. Anal. Chim.
Acta 1336, 343463. doi:10.1016/j.aca.2024.343463

Wang, Y., Zhou, C,, Elquist, A. M., Ghods, A., Saravade, V. G., Lu, N,, et al. (2018). A
review of earth abundant ZnO-based materials for thermoelectric and photovoltaic
applications. Oxide-based Mater. Devices 10533, 163-179. doi:10.1117/12.2302467

Wu, L, Li, X., Wang, S., Zhang, T., Yang, J., Zhang, W., et al. (2017). Resonant level-
induced high thermoelectric response in indium-doped GeTe. NPG Asia Mater. 9 (1),
€343. doi:10.1038/am.2016.203

Wu, T., Wang, A,, Zheng, L., Wang, G., Tu, Q,, Lv, B,, et al. (2019a). Evolution of
native defects in ZnO nanorods irradiated with hydrogen ion. Sci. Rep. 9 (1), 17393.
doi:10.1038/541598-019-53951-3

Frontiers in Chemistry

13

10.3389/fchem.2025.1598509

Wu, Y, Chen, Z,, Nan, P, Xiong, F., Lin, S., Zhang, X,, et al. (2019b). Lattice strain
advances thermoelectrics. Joule 3 (5), 1276-1288. doi:10.1016/j.joule.2019.02.008

Wu, Z.-H., Xie, H.-Q., and Zhai, Y.-B. (2015). Preparation and thermoelectric
properties of Co-doped ZnO synthesized by sol-gel. J. Nanosci. Nanotechnol. 15 (4),
3147-3150. doi:10.1166/jnn.2015.9658

Yin, Y., Yuan, M., Tan, X,, Shuai, J., and Tiwari, A. (2023). Role of dual doping in zinc
oxide for optimizing thermoelectric performance. Ceram. Int. 49 (14), 22753-22759.
doi:10.1016/j.ceramint.2023.04.080

Young, D., Williamson, D., and Coutts, T. (2002a). Structural characterization
of zinc stannate thin films. J. Appl. Phys. 91 (3), 1464-1471. doi:10.1063/1.
1429793

Young, D. L., Moutinho, H., Yan, Y., and Coutts, T. J. (2002b). Growth
and characterization of radio frequency magnetron sputter-deposited zinc
stannate, Zn 2 SnO 4, thin films. J. Appl. Phys. 92 (1), 310-319. doi:10.1063/
1.1483104

Zhang, Q., Ti, Z., Zhu, Y., Zhang, Y., Cao, Y., Li, S,, et al. (2021). Achieving ultralow
lattice thermal conductivity and high thermoelectric performance in GeTe alloys via
introducing Cu2Te nanocrystals and resonant level doping. ACS nano 15 (12),
19345-19356. doi:10.1021/acsnano.1c05650

Zheng, Y., Slade, T. J., Hu, L., Tan, X. Y., Luo, Y., Luo, Z. Z,, et al. (2021). Defect
engineering in thermoelectric materials: what have we learned? Cherm. Soc. Rev. 50 (16),
9022-9054. doi:10.1039/d1cs00347j

Zhu, J., Li, R, Tan, X,, Feng, F,, Sun, Q. Song, P., et al. (2025). Valence band
modification and enhanced phonon-phonon interactions for high thermoelectric

performance in GeTe. Adv. Funct. Mater. 35 (11), 2417260. doi:10.1002/
adfm.202417260

frontiersin.org


https://doi.org/10.1016/j.actamat.2015.03.032
https://doi.org/10.1016/j.matchemphys.2024.129519
https://doi.org/10.1016/j.matchemphys.2024.129519
https://doi.org/10.1063/1.116699
https://doi.org/10.1016/j.jallcom.2024.175928
https://doi.org/10.1016/j.aca.2024.343463
https://doi.org/10.1117/12.2302467
https://doi.org/10.1038/am.2016.203
https://doi.org/10.1038/s41598-019-53951-3
https://doi.org/10.1016/j.joule.2019.02.008
https://doi.org/10.1166/jnn.2015.9658
https://doi.org/10.1016/j.ceramint.2023.04.080
https://doi.org/10.1063/1.1429793
https://doi.org/10.1063/1.1429793
https://doi.org/10.1063/1.1483104
https://doi.org/10.1063/1.1483104
https://doi.org/10.1021/acsnano.1c05650
https://doi.org/10.1039/d1cs00347j
https://doi.org/10.1002/adfm.202417260
https://doi.org/10.1002/adfm.202417260
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2025.1598509

	Influence of defects on the enhancement of thermoelectric properties in Sn-doped ZnO nanostructure synthesized via hydrothe ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Material synthesis
	2.3 Material characterizations

	3 Result and discussion
	3.1 Structural study
	3.2 Morphological and elemental study
	3.3 UV-visible spectroscopy
	3.4 Photoluminescence study
	3.5 Thermoelectric properties
	3.5.1 Electrical conductivity
	3.5.2 Thermal conductivity
	3.5.3 Seebeck coefficient
	3.5.4 Power factor


	4 Summary
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


