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Preface to ”Novel ZnO-Based Nanostructures:

Synthesis, Characterization and Applications”

Zinc oxide (ZnO) nanomaterials, with practical and low-cost synthesis, provide versatile

applications in electric, optical, and mechanoelectrical engineering. More importantly, for

environmental and health purposes, ZnO possessing facile tailoring in morphology and

mass-producing features offer the possibility and realization for biological and medical applications.

With the great help from Mars (Zhilin) Tan, the three guest editors Yamin Leprince-Wang,

Guangyin Jing and Basma El Zein invite the selected researchers to contribute original research

articles and reviews. Here, these novel research articles and reviews are included with the focus

on the simple introduction of synthesis in novel ways, then the applications on the air and liquid

purifications by using the photocatalytic merits of ZnO. Furthermore, antibacterial performance from

the ZnO nanostructures were demonstrated by these original contributions in this book. Recently, the

antibiotic pollution around us is extremely concerning and is recognized as a profound problem due

to drug abuse for antimicrobial issues. Possibilities based on ZnO nanomaterials were introduced in

this book as well, which directs the new ways for ZnO towards medical usage. Of course, it is far

from the comprehensive and detailed understanding to all of the topics we expect to focus on, rather

we show the readers an inspired view to attract their attention.

Yamin Leprince-Wang, Guangyin Jing, and Basma El Zein

Editors
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Editorial

Novel ZnO-Based Nanostructures: Synthesis, Characterization
and Applications

Yamin Leprince-Wang 1,*, Guangyin Jing 2 and Basma El Zein 3

1 ESYCOM Lab, CNRS, Université Gustave Eiffel, F-77454 Marne-la-Vallée, France
2 School of Physics, Northwest University, Xi’an 710127, China
3 Department of Electrical Engineering, University of Business and Technology, Jeddah 21432, Saudi Arabia
* Correspondence: yamin.leprince@univ-eiffel.fr

The Special Issue “Novel ZnO-Based Nanostructures: Synthesis, Characterization
and Applications” is a collection of 13 papers, including 3 review papers and 10 original
articles dedicated to both experimental research works and numerical simulations on ZnO
nanostructures.

On one hand, as a multifunctional material, ZnO possesses unique outstanding prop-
erties, such as a wide direct bandgap; high electron mobility; piezoelectric, antibacterial,
photocatalytic, and thermoelectric properties; as well as chemical and thermal stability and
biocompatibility. On the other hand, ZnO nanomaterials can be obtained using easy and
low-cost growth techniques including green synthesis methods, with easy morphological
control altering seedlayer composition and/or varying growth conditions. It should be
emphasized that ZnO nanostructures can be doped to enhance different physical and
chemical properties. These assets make nanostructured ZnO one of the most fascinating
nanomaterials, leading to the development of many promising applications around the
ZnO nanostructures, as presented in this Special Issue.

Knowing that the properties are closely related to the nanostructures, the study of
nanostructures’ growth mechanism is important for the desired material properties and the
targeted applications. In the case of the widely used classical two-step sol-gel hydrothermal
method for ZnO nanoarray growth, the morphology of nanoarrays, such as the number
density of the nanorod array and the diameter of nanorods, is often tuned by changing the
composition ratio of the seed solution. Li et al. [1] investigated the tuning growth of ZnO
nanoarrays by the controlled spreading of gel layer based on the dewetting process. The
proposed new mechanism can not only help deepen the understanding of the formation
and evolution of the seedlayer, but also provide a new method for the controllable growth of
nanomaterials. Continuing with the growth mechanism study, Huang et al. [2] investigated
the controlled synthesis and the growth mechanism of two-dimensional (2D) ZnO by
surfactant-assisted ion-layer epitaxy (SA-ILE), by controlling the growth parameters, such
as the amounts of surfactant, temperature, precursor concentration, and growth time. Their
work might guide the development of SA-ILE and pave the way for practical applications
of 2D ZnO on photodetectors, sensors, and resistive switching devices.

The green synthesis of ZnO nanoparticles (NPs) has recently gained considerable
interests because it is simple, environmentally friendly, and cost-effective. The paper of
Jaithon et al. [3] therefore aimed to synthesize ZnO NPs by utilizing bioactive compounds
derived from waste materials, mangosteen peels, and water hyacinth crude extracts, and
investigated their antibacterial and anticancer activities. This study demonstrated the
possibility of using green-synthesized ZnO NPs in the development of antibacterial or
anticancer agents. Furthermore, this research raised the prospect of increasing the value of
agricultural waste. On the same topic, Ali et al. [4] investigated another green synthesis
method for ZnO nanostructures (NS) using Pyrus pyrifolia fruit extract. The obtained ZnO
NS demonstrated significant antibacterial activity analyzed by metabolic activity analysis

Crystals 2023, 13, 338. https://doi.org/10.3390/cryst13020338 https://www.mdpi.com/journal/crystals1
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and disc diffusion assay against Escherichia coli and Staphylococcus aureus. Furthermore,
ZnO NS achieved good photocatalytic activity of organic dye decolorizing. The research
findings from this study could offer new insights for developing potential antibacterial and
photocatalytic materials.

Regulating the swimming motility of bacteria near surfaces is essential to suppress
or avoid bacterial contamination and infection in catheters and medical devices with wall
surfaces. In their work, Yan et al. [5] showed that ZnO nanowire arrays could reduce the
swimming motility of Escherichia coli, thus significantly enhancing the trapping ability
for motile bacteria. Additionally, thanks to the wide bandgap nature of ZnO, the UV
irradiation rapidly reduces bacterial locomotion due to the production of hydroxyl radicals
and singlet oxygen. The authors’ findings not only demonstrated the detailed motility of
bacterial swimming on nanostructured surfaces, but also provided means for antibacterial
applications of ZnO nanomaterials.

ZnO is an excellent photocatalyst able to mineralize a large amount of organic pollu-
tants in water under UV irradiation that can be enlarged to the visible range by doping.
With high surface/volume ratio, the ZnO nanostructures showed an enhanced photocat-
alytic efficiency. Le Pivert et al. [6] investigated the photocatalytic activity of ZnO NSs
grown on different substrates, both in classic mode and microfluidic mode. All tests
showed the notable photocatalytic efficiency of ZnO NSs with remarkable results obtained
from a ZnO-NSs-integrated microfluidic reactor, which exhibited an important enhance-
ment of photocatalytic activity by drastically reducing the photodegradation time. The
simultaneous real-time PCR followed by UV-visible spectrometry and high-performance
liquid chromatography, coupled with mass spectrometry (HPLC-MS), could reveal both
the photodegradation efficiency and the degradation mechanism of the organic dye.

In their study, Mendoza-Sánchez et al. [7] used an accessible thermal oxidation tech-
nique to synthesize the nanostructured ZnO arrays. Two different morphologies were
achieved, ZnO grass-like and ZnO cane-like nanostructures, allowing them to study the in-
fluence of ZnO nanostructure morphology on the functionalization efficiency of nanostruc-
tured arrays with hemoglobin for CO2 capture. After functionalization with hemoglobin,
they found that the ZnO grass-like structures exhibited the best efficiency for CO2 capture,
with 98.3% of the initial concentration after 180 min.

A broadband thin-film plasmonic metamaterial absorber (MMA) nanostructure with
a multi-dielectric layer operating in the frequency range from 100 GHz to 1000 GHz is
introduced and analyzed in the paper presented by Emara et al. [8]. In this work, the
ZnO layer was added as a substrate on the top of an Au back reflector to enhance the
absorption. The MMA had an average absorption of 84%, with a maximum absorption of
100% and a minimum absorption of approximately 65.9%. The optimized MMA showed
good angular stability, as the effect of the incident angle of the electromagnetic wave on the
MMA absorption is so small and the absorber is insensitive to polarization for both normal
and oblique incidence conditions.

The quick development of wireless sensor networks has required sensor nodes to be
self-powered. Driven by this goal, in their work, Serairi and Leprince-Wang [9] demon-
strated a ZnO nanowire-array-based piezoelectric nanogenerator (NG) prototype, which
can convert mechanical energy into electricity. The NG-device, with an effective area of
0.7 cm2, was based on high-quality single crystalline ZnO nanowires with an aspect ratio
of approximately 15. The NG’s performance was tested both in compression mode and in
vibration mode, giving the output power density of ~38.47 mW/cm3 and ~0.9 mW/cm3,
respectively.

Aiming at the problem of a lack of data on the nonlinear morphology to divide uneven
grain boundary in bulk ceramics, Shen et al. [10] developed a unique approach of the local
three-dimensional characterization of nonlinear grain boundary length within bulk ZnO,
using a nanorobot in SEM. SEM can generate an image of the contour shapes of the targeted
grain boundaries in the X-Y plane, while the Z-directional relative height differences at
different positions can be sequentially probed by the nanorobot. Further, by quantifying
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the Z-directional relative height differences, it can be verified that irregular characteristics
exist in the three-dimensional grain boundary length, which can extend the depth effect on
nonlinear bulk conductance. In addition, this method can also obtain nonlinear quantitative
topographies to divide grain boundaries into an uneven structure in the analysis of bulk
polycrystalline materials.

Today, living organisms are more susceptible to exposure to metallic NPs due to these
NPs’ constant evolution and applications. ZnO-NPs are one of the most used metallic NPs
due to their various interesting properties and large application fields. Therefore, under-
standing the molecular effects of ZnO-NPs in biological systems is extremely important.
Patrón-Romero et al. [11] presented a systematic review that aimed to include the most
recent scientific evidence concerning the cytotoxic effect of ZnO-NPs in biological models,
with special attention paid to mitochondrial damage. Since mitochondria are among the
most complex and relevant organelles for cellular homeostasis, it is indispensable to define
the most relevant mechanisms leading to cell dysfunction/death. The contribution and
usefulness of ZnO-NPs in medical oncology is of great interest; in particular, their con-
tribution in the therapeutic area is increasingly relevant due to their immense potential
in the public health sector. This is because cancer remains among the leading causes of
death worldwide. Tumor cells show a different cytotoxic effect compared to healthy cells
of the same lineage, and the response varies depending on the exposure time, size, and
shape of ZnO-NPs. Furthermore, ZnO-NPs can act as anti-cancer agents against different
tumor lines resistant to conventional chemotherapeutic treatments; they provide a talented
substitute approach to chemotherapies. This systematic review provides information on
correlation and the impact on future research.

ZnO also possesses promising potential in thermoelectric applications, enabling the
conversion of waste heat to electrical energies with high thermoelectric performance,
due to its high physicochemical stability, tunable properties, and high abundance. ZnO
thermoelectric devices can operate at higher temperatures; they have higher conversion
efficiency and reliability, and the advantage of costless production. In the review presented
by Sulaiman et al. [12], the authors attempted to oversee the approaches to improving ZnO
thermoelectric properties, where nanostructuring and doping methods were assessed. The
outcomes of the reviewed studies are analyzed and benchmarked in this Special Issue,
in order to obtain a preliminary understanding of the involved parameters’ influences.
According to the extant literature, several strategies have been reported to enhance the
thermoelectric properties of ZnO, including nanostructuring synthesis techniques and the
doping of foreign particles in ZnO.

Today, antibiotics are pervasive contaminants in aqueous systems that pose an envi-
ronmental threat to aquatic life and humans. The prolonged and excessive use of antibiotics
in our society has led to the presence of excessive amounts of non-biodegradable medicines
such as antibiotics, and anti-inflammatory, anti-depressive, and contraceptive drugs in
hospital and industrial wastewater, which marks a significant threat to the ecosystem. Ac-
cording to the literature, 33,000 people die directly from drug-resistant bacterial infections
in Europe annually, which costs EUR 1.5 billion in health care and productivity losses. Con-
sequently, it is an absolute necessity to develop a sustainable method for effective antibiotic
removal from wastewater. In their critical review, Mohamed et al. [13] present and discuss
recent advances in the photocatalytic degradation of widely used drugs by ZnO-based
nanostructures: namely, (i) antibiotics; (ii) antidepressants; (iii) contraceptives; and (iv)
anti-inflammatories. This study endows a comprehensive understanding of the degrada-
tion of antibiotics using ZnO-based nanomaterials (bare, metal- and non-metal-doped, as
well as nanocomposites) for the effective treatment of wastewater containing antibiotics. In
addition, the operational conditions and mechanisms involved during the photocatalytic
degradation process are systematically discussed. Finally, particular emphasis is devoted
to future challenges and the corresponding outlook with respect to toxic effects following
the utilization of ZnO-based nanomaterials.
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We hope that this collection of papers will meet the expectations of readers seeking
the synthesis methods, enhanced properties, and applications of novel ZnO-based nanos-
tructures; and we hope that this collection can also create inspiration for further research
works on the related topics included in this Special Issue.

Author Contributions: Y.L.-W.: writing—original draft, review and editing; G.J. and B.E.Z.: visual-
ization. All authors have read and agreed to the published version of the manuscript.
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Tuning Growth of ZnO Nano-Arrays by the Dewetting of
Gel Layer

Ziqian Li, Ningzhe Yan, Yangguang Tian and Hao Luo *

School of Physics, Northwest University, Xi’an 710069, China
* Correspondence: luo@nwu.edu.cn

Abstract: The classical two-step sol-gel hydrothermal method enables the growth of nanoarrays on
various substrates via a seed layer. The morphology of the nanoarrays is often tuned by changing the
composition ratio of the seed solution. It is taken for granted that the number density and size of seeds
will increase with the proportion of precursors. However, in this work, we found novel two-stage
dependencies between the concentration of the precursor (ZnAC) and the geometric parameters
(number density and diameter) of ZnO seed particles. The completely opposite dependencies
illustrate the existence of two different mechanisms. Especially when the proportion of precursors
is low (φZnAC : φPVA < 0.22), the seed number density and diameter decrease with the increasing
precursor concentration. This counterintuitive phenomenon should be caused by the destabilization
and dewetting process of the thin film layers during annealing. Based on this new mechanism, we
demonstrate the tuning growth of the ZnO seed layer and the nanowire array by annealing time. The
number density of the nanorod array can be changed by 10 times, and the diameter of the nanorods
can be changed by more than 8 times. The new mechanism we proposed can not only help people
deepen their understanding of the formation and evolution of the seed layer but also provide a new
way for the controllable growth of nanomaterials.

Keywords: ZnO; nano-structure; dewetting

1. Introduction

Research on ZnO nanomaterials has been booming since the 1990s [1–6]. Due to
its excellent characteristics, zinc oxide has always maintained a high degree of attention
in the fields of energy, environment, biology, and detection [7–13]. In these decades of
research, controllable growth and cost reduction are two aspects to which people have
been committed. Among various growth methods, the sol-gel hydrothermal method
has great potential for industrial application [14–16]. The sol-gel hydrothermal method
is generally divided into two steps. The first step is to grow a seed layer on the target
substrate using the sol-gel method, and the second step is to grow the nanomaterials on the
seed layer by the hydrothermal method. This seed layer-based growth method is mostly
used to prepare array structures. Due to the transition of the seed layer, nanomaterials
can be grown on lattice-mismatched or even amorphous materials. At the same time, the
hydrothermal method has relatively loose requirements on growth conditions and does not
require a high-temperature environment, which is undoubtedly friendly to both substrates
and equipment [17–22].

Since the geometric size of ZnO nanomaterials directly affects their performance in
various aspects, such as solar power generation, photodegradation, self-cleaning, and
antibacterial, people have always been enthusiastic about the controllable growth of nano-
materials [23–29]. When using the sol-gel hydrothermal method, the geometric size of the
nanomaterials can be tuned in the first and second steps, respectively. In the second step of
hydrothermal growth, what can be regulated is usually the size of the monomers that make
up the array. In the process of preparing the seed layer in the first step, the size and density
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of the seed can directly affect the structural parameters of the nanomaterial monomers and
arrays [30–33]. Therefore, the geometric parameters of nanomaterials can be regulated from
more dimensions through the seed layer. When preparing the seed sol, some polymers will
be added to the solution as stabilizers. These macromolecules help form a more uniform
film when the solution is coated on the substrate and are completely broken down during
the annealing process. Since the temperature at which the precursor is transformed into a
seed is different from the decomposition temperature of the polymer stabilizer, the dewet-
ting kinetics during annealing can be exploited to tune the morphology of the seed layer.
Müller et al. tuned the shape of gold particles at the nanoscale using the dewetting process
of molten gold at high temperatures [34]. Martin et al. achieved highly localized control
of pattern formation in two-dimensional nanoparticle assemblies by direct modification
of solvent dewetting dynamics [35]. Their works imply that the dewetting process can
effectively control the distribution and shape of nanoparticles in two-dimensional space.
Huang et al. have reported that uniform single-crystalline nanowire arrays can be grown
even on an amorphous seed layer made by low-temperature annealing [36]. This shows
that the geometry of the seed layer is far more important than its own crystallinity. In other
words, if the polymer stabilizer is not completely vaporized, the nanoparticles can still be
used as crystallization nuclei to support the growth of nanomaterials. This implies that the
gel layer containing the polymer will undergo a dewetting process from film rupture to
complete crystallization during annealing. In this process, the size and distribution of the
fragments of the film will change greatly, which means that the morphology of the seed
layer will have a large adjustment range.

Therefore, we try to use the rupture and dewetting process of the gel film to achieve
a wide range of controllable growth of nano-zinc oxide materials. Here, we used zinc
acetate and PVA to prepare different ratios of seed layer solutions, spin-coated on silicon
substrates and annealed to prepare ZnO seed layers. ZnO nanoarrays were then grown on
the seed layer using a hydrothermal method. We systematically studied the film cracking
and dewetting behavior of the gel layer with different precursor concentrations during the
annealing process and confirmed the impact of these behaviors on the density of the seed
layer/nanowire array by using atomic force microscopy, scanning electron microscopy, and
dark field optical microscopy.

2. Materials and Methods

2.1. ZnO Seed Layer Preparation

The chemical materials used are from Alfa Aesar (Ward Hill, MA, USA) and are
analytically pure. Silicon wafer substrates (1 cm × 1 cm) were carried out with ultrasonic
cleaning in absolute ethanol for 20 min and with plasma cleaning for 5 min to make the
surface hydrophilic before use. First, 2.5 g PVA (Mw 89,000–98,000, 99+% hydrolyzed) is
dissolved in deionized water to prepare 50 mL PVA solution, with heating and stirring
at 82 ◦C until the solution becomes clear. At the same time, different amounts of zinc
acetate dihydrate are dissolved in a proper amount of deionized water to obtain 10 mL of
solutions with zinc acetate concentrations of 0.01 g/mL, 0.02 g/mL, 0.04 g/mL, 0.08 g/mL,
0.16 g/mL, 0.26 g/mL, and 0.32 g/mL, respectively. Then, mix and stir 50 mL of PVA
solution and 10 mL of zinc acetate solution for 2 h to obtain a sol seed solution. The seed
solution is spin-coated on the cleaned silicon substrate at 5000 rpm (1000 rpm/s) for 2 min
to obtain a gel layer. The heating plate was preheated to 500 ◦C to ensure a stable annealing
temperature. Then heat the spin-coated sample in the air to form a seed layer.

2.2. ZnO Nanostructures Preparation

Hexamethylene tetramine, zinc nitrate hexahydrate, and ammonia water are used to
prepare growth solution for hydrothermal reaction with the concentration of hexamethylene
tetramine and zinc nitrate hexahydrate in the growth solution being both 0.1 mol/L. Add
12 mL of ammonia water to clarify the solution after 150 mL of the solution is prepared.
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Place the prepared seed coating in the growth solution with growing at 90 ◦C for 6 h. Then
the obtained array sample is washed with deionized water and dried in air.

2.3. Measurement Methods

Atomic force microscope (AFM, Dimension Icon, Bruker, MA, USA) and Scanning
electron microscope (SEM, JSM-6700F, JEOL, Tokyo, Japen) were employed to characterize
the morphology of the seed layer and nanoarrays, respectively. Dark-field microscopy
(LV100, Nikon, Tokyo, Japen) was used to count the seed number density of the seed layer
at different annealing times. The geometric parameters of the seeds and nanostructures
were obtained using ImageJ from AFM, SEM, and dark-field microscopy images.

3. Results and Discussion

3.1. Morphology of Seed Layer

In order to present the proportion of ZnAC and PVA more intuitively, we express
the solution of each seed layer by the ratio of the volume fractions, α = φZnAC : φPVA.
After 40 min annealing at 500 ◦C, the seed layer samples were characterized by AFM,
and the AFM images are shown in Figure 1. When α is relatively small (≤ 0.11), some
obvious circular spots appear on the substrate, and the number of these spots increases
with the alpha, but the diameter of each spot gradually decreases, as shown in Figure 1a–c.
When the concentration of zinc acetate is further increased, those circular spots no longer
appear, replaced by a granular film covering the entire substrate. Although the size of
these particles gradually increases with the increase of alpha, overall, the particle film is
very uniform, as shown in Figure 1d–g. Comparing the circular spots and particles, it can
be seen that the size of the spots is larger than that of the particles, but the number of
particles far exceeds that of the spots. Moreover, the change in their geometric parameters
is relatively regular.

Figure 1. Typical AFM images of annealed seed layer with different ZnAC/PVA volume ratios.
(a) 0.027:1, (b) 0.055:1, (c) 0.11:1, (d) 0.22:1, (e) 0.44:1, (f) 0.72:1 and (g) 0.87:1. The scanning range of
each sample is 20 × 20 μm2, and all images use the same scale bar.
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As a seed layer, the protrusions on the surface will undoubtedly become the crystal-
lization nuclei for the growth of nanomaterials, so these spots and particles (or be called
the seeds) are the focus of our attention. To quantify changes in the morphology of the seed
layer, we performed statistics on the number density and diameter of circular spots and
particles. In Figure 2a, the change of seed number density with volume ratio can be clearly
divided into two regions. Interestingly, in the first region, the number density of seeds
increases with the ZnAC/PVA volume ratio, while in the second region, the relationship is
negatively correlated. Figure 2b shows the change in seed diameter with α, which is also
measured from the AFM image. AFM is very accurate for measuring height information
perpendicular to the direction of the substrate, but it is too large for measuring dimensions
parallel to the direction of the substrate. However, in our case, what we only need is the
relative changes in seed diameter in different samples, so measurements based on AFM
images are credible. It can be seen from Figure 2b the variation in seed diameter is also
divided into two regions. In the first region, the seed diameter decreased rapidly with the
increase in the volume ratio of ZnAC/PVA, while in the second region, the diameter of
the seed increased slightly with the increase in the volume ratio. Here “slightly” is the
reduction relative to the first region. Focus on the second region, the mean diameter of
the seeds increased from 24 nm to 48 nm when the volume ratio of ZnAC/PVA increased
from 0.22 to 0.87. It should be noted that both the absolute value of the number density
and diameter of the seeds in the first region is much smaller than that in the second region.
The opposite dependence and the large difference in number density imply that there are
differences in the mechanism of seed formation in these two regions.

Figure 2. Variation of seed layer morphology parameters with ZnAC/PVA volume ratio α. (a,b) are
statistics of the number density and diameter of seeds, respectively.

3.2. Morphology of Nanoarrays

Although the size of seeds has a very wide range of regulation, can the nanostructures
grown based on seeds also have a corresponding dependence and regulation range? Each
group of samples in Figure 1 was grown by the hydrothermal method under the same con-
ditions for 6 h. SEM was employed to characterize the morphology of the nanoarrays, and
typical images are shown in Figure 3. All samples exhibit nanorod/wire array morphology.
It can be clearly seen that when α is low, the size of the grown nanorods is very uneven,
and the directivity is not good, as shown in Figure 3a,b. When the alpha is increased to 0.11
and above, the uniformity and directivity of the array improve a lot.

To quantitatively investigate the relationship between the nanoarrays and the geo-
metric parameters of the seed layer, we also analyzed the SEM images of the nanoarrays.
Here the number density and tip diameter of nanorods were measured and counted. As
shown in Figure 4, the number density of nanorods in the array shows a trend of increasing
before decreasing with the increase of α, while the diameter of nanorods shows a trend
of decreasing before increasing with the increase of α. The variation trend of the number
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density and diameter of nanorods with alpha is consistent with that of the seed layer, as
shown in Figure 2. Moreover, no matter whether it is the seed layer or the nano-array, the
turning point, a critical ZnAC/PVA volume ratio αc, separating the two regions, is between
0.11 and 0.22.

Figure 3. Typical SEM images of ZnO nanoarray based on the seed layer with different ZnAC/PVA
volume ratios. (a) 0.027:1, (b) 0.055:1, (c) 0.11:1, (d) 0.22:1, (e) 0.44:1, (f) 0.72:1 and (g) 0.87:1. All
images use the same scale bar.

Figure 4. Variation of nanoarrays morphology parameters with ZnAC/PVA volume ratio α.
(a) and (b) are statistics of the number density and diameter of nanorods, respectively.

Here are the following three points to note. (1) In the high α region, the average number
density of nanorods is smaller than that of seeds because the adjacent structures will fuse at
the early stage of nanomaterial growth. (2) In the low α region, the average number density
and diameter of the nanorods are much larger and smaller than the seeds, respectively. This
is most likely because the circular spots that appear on the seed layer in the low α region
are not a single nucleation site, and due to their large size (diameter can reach 1 micron),
it is likely that there are multiple nucleation sites on it. (3) In the low α region, the lower
uniformity of ZnO nanoarray is likely to be due to the inhomogeneous distribution of ZnO
nanoparticles converted from ZnAC actually used for nucleation. This inhomogeneous
distribution is most likely caused by circular spots on the seed layer. The high-density ZnO
particle aggregates will fuse into nanorods with larger diameters during the hydrothermal
synthesis process.

3.3. Two Mechanisms for Seed Layer

Since the topography of the nanoarrays has a strong dependence on that of the seed
layer, and the inhomogeneity of the nanoarrays in the low α region is likely to be caused by
round spots on the seed layer, a question is raised: What are the round spots and how do
they arise?

PVA accounted for more volume fraction in the ZnAV and PVA blended gel layer.
Therefore, we can assume that the properties of the gel film are affected by PVA during
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annealing, especially in the low alpha region. During the annealing process, the temperature
of the substrate is gradually increased, so the PVA will first start to soften (glass transition
temperature ~ 80 ◦C) before the temperature reaches the PVA decomposition temperature
(200–250 ◦C). The softened film becomes unstable and then breaks up due to thermal
disturbances. The broken film shrinks under the action of surface tension, which is known
as dewetting. This will leave circular spots on the substrate. During the dewetting process,
the boundaries of the circular spots shrink gradually, leaving ZnAC molecules or converted
ZnO in the shrinking path. However, as the shrinkage rate increases with temperature, the
concentration of Zn atoms in the spots is also gradually concentrated, which leads to the
uneven density of nucleation sites left on the surface of the substrate, and in turn, affects
the uniformity of the subsequently grown nanoarrays. Moreover, when the alpha is higher,
the properties of the gel film gradually tend to zinc acetate. The softening degree of the
membrane will gradually decrease, and it is not easy to become unstable and broken under
the action of thermal disturbance. Therefore, a ZnO seed layer with small particles and
uniform distribution can be formed.

3.4. Dewetting Tunned Nanoarray Growth

In order to verify our conjecture and try to use dewetting to regulate the morphology
of the seed layer and nanoarray, we designed the following experiments. Two sets of
samples below and one set above the critical ZnAC/PVA volume ratio αc were selected,
which were α = 0.027, 0.11 and 0.44. Each group of samples was annealed on a hot plate
at 500 ◦C for 10 min, 40 min, and 80 min, respectively. The surface morphology of the
annealed samples was observed using a dark-field microscope. Then these samples will
undergo hydrothermal reaction in the same environment to grow nano-arrays, and the
nano-arrays will be characterized by SEM.

Here we mainly focus on the rupture and dewetting process of the gel film. Due to the
large size of the circular spot after the gel film rupture and poor conductivity, AFM and
SEM are not applicable. The dark-field microscope is very sensitive to surface fluctuations
and is very suitable for observing the breaking process of the gel film. As shown in Figure 5,
the bright spots in the images indicate that there is a difference between the height of this
position and the base. During the annealing process, a large number of particles appeared
in the two samples with low α, while the sample α = 0.44 did not change significantly
throughout the annealing process. For the two sets of samples with low α, there are
changes both in the diameter and number of particles. Since the dark field microscope
cannot accurately characterize the size of the particles, here we mainly analyze the number
density of the particles.

As shown in Figure 6, as the annealing time increases, the number density of the
surface particles of the two groups of low alpha samples first increases and then decreases.
This two-stage trend corresponds to the gradual rupture of the film, and more and more
“islands” are split, and as the annealing time increases, the residual PVA is gradually
decomposed, and the size of the islands is constantly shrinking. This two-stage trend
means that the film splits more and more particles during the gradual rupture process at
the beginning. Then as the annealing time increases, the PVA is gradually decomposed,
and the size of the particles continues to shrink. The particles will gradually disappear
from small to large until the PVA is completely decomposed and only ZnO particles
remain. Another interesting phenomenon is that the number density of particles on the
α = 0.11 sample is larger than that of α = 0.027, and at 80 min, when the number density of
α = 0.027 has returned to a small value, the number density of α = 0.11 is still increasing.
This phenomenon is consistent with the results of AFM. The reasons for this phenomenon
are multifaceted and complex. It may be because the increase in the volume fraction of zinc
acetate changes the viscosity, surface tension of the solution, the stiffness of the film after
softening, and so on.
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Figure 5. Dark field microscope images of gel layers with different alpha values after different
annealing times.

Figure 6. Variation of number density of particles with annealing time.

Since the process of dewetting after gel film rupture can be controlled by the annealing
time, the nanoarrays grown based on the seed layer must also be controlled. The ZnO
nanoarrays shown in Figure 7 were obtained by hydrothermal growth of the seed layer
in Figure 6 under the same conditions. The large difference in morphology of samples
α = 0.027 and the stability of sample α = 0.44 are in line with expectations obtained from
their seed layer. However, for sample 0.11, the difference between the seed layer annealed
for 40 min and 80 min is not obvious on the ZnO array. This means that when the number
density of seeds is greater than a certain value, the nanoarray is no longer sensitive to
the number density of seeds. The same conclusion can be obtained more intuitively from
statistical data, as shown in Figure 8. For a high α sample (α = 0.44), array uniformity is
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better, but tunability is lost. The sample α = 0.11 is more balanced, with good uniformity
and some tunability. If the effect of A and annealing time is considered comprehensively,
the number density of the nanorod array can be changed by 10 times (2~20/μm2), and the
diameter of the nanorods can be changed by more than 8 times (50~400 nm).

Figure 7. SEM images of nanoarrays obtained by different zinc acetate/PVA volume ratios and
annealing times.

Figure 8. Variation of nanoarrays morphology parameters with ZnAC/PVA volume ratio α and
annealing time. (a,b) are statistics of the number density and diameter of nanorods, respectively.

It is true that the dewetting process of seeds can regulate the morphology of nano-
arrays, but in reverse thinking, when we want the product to have high stability, we should
try to avoid the occurrence of the de-wetting process, that is, choose a high alpha value.
However, if high alpha cannot be selected; for example, the precursor is very expensive,
and we have to pay more patience to let the dewetting process be completed.

4. Conclusions

In summary, based on the classical sol-gel hydrothermal method, we systematically
investigated the effect of the volume ratio α between the precursor ZnAC and the stabilizer
PVA in the seed layer solution on the morphology of seeds and nanoarrays. We found that
there are two mechanisms in the annealing process of the seed layer. When alpha is less
than or equal to 0.22, the fragmentation and dewetting process of the gel film is crucial, and
the morphology of the seed layer and nanoarray is very sensitive to alpha; when alpha is
greater than or equal to 0.44, the gel film will not be broken, and the morphology of the seed
layer and nano-array will only change slightly with alpha. In addition, by adjusting the
annealing time, we controlled the dewetting process of the seed layer and then successfully
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regulated the morphology of the nanoarrays. The number density of the nanorod array
can be changed from 2/μm2 to 20/μm2, and the diameter of the nanorods can be changed
from 50 nm to 400 nm. Our work demonstrates that the film rupture and dewetting process
is an important mechanism in the formation of the seed layer by the sol-gel method. This
not only helps people to complete the understanding of the mechanism of the sol-gel
hydrothermal method but also provides an important reference for the controllable growth
of nanomaterials.
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Abstract: Two-dimensional (2D) zinc oxide (ZnO) has attracted much attention for its potential
applications in electronics, optoelectronics, ultraviolet photodetectors, and resistive sensors. However,
little attention has been focused on the growth mechanism, which is highly desired for practical
applications. In this paper, the growth mechanism of 2D ZnO by surfactant-assisted ion-layer epitaxy
(SA-ILE) is explored by controlling the amounts of surfactant, temperature, precursor concentration,
and growth time. It is found that the location and the number of nucleation sites at the initial stages
are restricted by the surfactant, which absorbs Zn2+ ions via electrostatic attraction at the water-air
interface. Then, the growth of 2D ZnO is administered by the temperature, precursors, and growth
time. In other words, the temperature is connected with the diffusion of solute ions and the number
of nucleation sites. The concentration of precursors determines the solute ions in solution, which
plays a dominant role in the growth rate of 2D ZnO, while growth time affects the nucleation, growth,
and dissolution processes of ZnO. However, if the above criteria are exceeded, the nucleation sites
significantly increase, resulting in multiple 2D ZnO with tiny size and multilayers. By optimizing the
above parameters, 2D ZnO nanosheets with a size as large as 20 μm are achieved with 10 × 10−5 of the
ratio of sodium oleyl sulfate to Zn2+, 70 ◦C, 50 mM of precursor concentration, and 50 min of growth
time. 2D ZnO sheets, are confirmed by scanning electron microscope (SEM), energy-dispersive X-ray
spectrometer (EDS), X-ray photoelectron spectroscopy (XPS), and Raman spectrum. Our work might
guide the development of SA-ILE and pave the platform for practical applications of 2D ZnO on
photodetectors, sensors, and resistive switching devices.

Keywords: 2D ZnO; surfactant-assisted ion-layer epitaxy; growth mechanism; controlled synthesis

1. Introduction

Zinc oxide (ZnO) has received considerable attention for its excellent properties of
wide-bandgap (3.3 eV) [1], high exciton binding energy (60 meV) [2], non-centrosymmetric
crystal structure [3], and high electron mobility [4,5], presenting wide applications in pho-
todetectors [6–9], gas sensors [10–14], photoelectric catalytic devices [15–20], piezoelectric
devices [21–25], resistive sensors [26–28], and short-channel high-performance transis-
tors [29]. However, compared with zero-dimensional (0D) and one-dimensional (1D) ZnO,
the development of two-dimensional (2D) ZnO has been deserted, though the high surface
area and tunable bandgap promote the exploitation of 2D ZnO in new fields [30–36].

2D ZnO possesses a great deal of excellent performance beyond bulk, 1D, and 0D ZnO.
For example, decreasing the thickness of 2D ZnO increases the bandgap due to the quantum
confinement effect, yielding promising potential in deep-ultraviolet photodetectors and
photocatalysis [31,35]. The mechanical stability is also better than 1D ZnO, overcoming the
low durability of piezoelectric nanogenerators based on 1D ZnO [37]. Notably, additional
non-centrosymmetric structure appears when the thickness of 2D ZnO is reduced to a
few atomic layers [38]. That is, piezoelectric performance is largely improved with a
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higher output voltage and current. Despite the enormous potential applications of 2D ZnO,
development is slow due to the immature growth of 2D ZnO.

Various methods have been tried to grow 2D ZnO. Magnetron sputtering and atomic
layer deposition were first developed to grow 2D ZnO, but the excessive power produced
lots of defects and a small size of monocrystalline ZnO [39–44]. Subsequently, laser depo-
sition was exploited, and the thickness of 2D ZnO was lowered to 5 nm, but with poor
crystal quality and morphology [45,46]. Surfactant-assisted ion-layer epitaxy (SA-ILE) was
proposed and rapidly disseminated to tackle the challenges of tiny size and irregular shape.
2D ZnO nanosheets with a regular shape and thickness of 2 nm were first realized at the
water-air interface, revealing a novel approach to obtain 2D materials from non-van der
Waals solids [47]. The method was subsequently extended to the water-air interface to
develop 2D ZnO with high Zn vacancy concentrations and strong ferromagnetism [48].
Later, different kinds of anionic surfactants were used to modulate the growth of 2D ZnO,
including sodium oleyl sulfate (SOS) [28] and sodium dodecyl sulfate (SDS) [35]. Thus,
SA-ILE is considered a simple and feasible method to grow 2D ZnO with a lower layer
number and higher crystal quality. However, the growth mechanism of 2D ZnO by SA-ILE
has not been reported in detail, which is highly desired for practical applications.

Herein, the nucleation and growth of 2D ZnO by SA-ILE is investigated by exploring
the factors of amount of surfactants, temperature, precursor concentration, and growth
time. Actually, the nucleation and location of 2D ZnO are determined by the amount and
distribution of surfactants, which absorb Zn2+ ions with electrostatic interaction between
Zn2+ and air. Then, the growth of 2D ZnO is influenced by Zn2+/OH – at the water-air
interface. The temperature shows an important effect on its growth due to the temperature
dependence of the chemical reaction rate and the nucleation potential. Moreover, the
precursor concentration decides the quantity of zinc ion at the water-air interface. It is
noteworthy that the thickness of 2D ZnO will increase greatly and the size will decrease
rapidly as the precursor concentration increases. The growth time affects the amounts of
Zn2+/OH – attracted to the water-air interface, hence, the size and thickness of 2D ZnO.
However, excessive growth time leads to the dissolution of 2D ZnO, resulting in the gener-
ation of irregular, thick, and small ZnO. Finally, by optimizing the mentioned parameters,
2D ZnO nanosheets with regular triangle morphology and high surface cleanliness were
synthesized at the water-air interface, which were verified by scanning electron microscope
(SEM), as well as Raman and X-ray photoelectron spectroscopy (XPS) spectra. This work
lays a foundation for understanding the mechanism of 2D ZnO by SA-ILE and provides a
road for improvement and optimization of 2D ZnO in the application of deep-ultraviolet
photodetectors, 2D spintronics, and piezoelectric devices.

2. Materials and Methods

2.1. Preparation of 2D ZnO Nanosheets

For a typical synthesis process, precursor with the ratio 1:1 of Zn(NO3)2·6H2O and
hexamethylenetetramine (HMT) was dissolved in deionized water (50 mM, 17 mL). Then,
surfactants of sodium oleyl sulfate, dissolved in chloroform (0.1 vol%, 30 μL), were added at
the water-air interface formed after 20 min. Subsequently, the solution was heated at 70 ◦C
for 50 min, and 2D ZnO would appear and grow in the water-air interface after completion
of the reaction. SiO2/Si substrate was used to scoop the nanosheets from the water–air
interface for subsequent characterization. Due to the small volume of the surfactant and
the large water-air interface, the surfactant could be separated discretely.

2.2. Materials Characterization

The morphology of the synthesized nanosheets was investigated by scanning electron
microscope (SEM, Carl Zeiss, Jena, Germany, Sigma 500) and optical microscope (OM,
OLYMPUS, BX43F). The chemical bonding state was investigated by X-ray Photoelectron
Spectroscopy (XPS, Thermo Fisher Scientific, Waltham, MA, USA, ESCALAB 250Xi). The
Raman spectra were recorded with Raman spectroscopy with a 532 nm laser (Raman,
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HORIBA Jobin Yvon, Paris, France, LABRAM HR EVO). The characterizations for all of the
materials were performed at room temperature.

3. Results and Discussion

For a typical synthesis process of 2D ZnO by SA-ILE, precursor was dissolved in
deionized water. Then, surfactant was added at the water-air interface after 20 min. Subse-
quently, the solution was heated at a certain temperature for a long growth time, and 2D
ZnO grew in the water-air interface. In this synthesis process, the precursor, surfactant,
growth temperature, and time play important roles for the 2D ZnO. Thus, we will discus-
sion the factors of precursor, surfactant, growth temperature, and time of the growth of 2D
ZnO as following.

3.1. Effect of the Ratio of Sodium Oleyl Sulfate to Zn2+ on 2D ZnO Growth

Surfactant is first chosen to enable the growth of 2D ZnO because it provides the domi-
nant roles for nucleation and growth. Sodium oleyl sulfate is adopted as a surfactant for its
excellent dispersion performance at the water-air interface. The amounts of surfactants are
increased gradually. When the ratio of sodium oleyl sulfate to Zn2+ is lower than 6 × 10−5,
no obvious ZnO is present. Once increased, the ratio of sodium oleyl sulfate to Zn2+ to
6 × 10−5, scattered 2D ZnO with a size around 2.1 μm first appears at the position of the
surfactant location with triangle morphology (Figure 1a), indicating the nucleation and
growth of ZnO. Then, the 2D ZnO grows, increasing the ratio to 10 × 10−5 (Figure 1b,c). The
size of 2D ZnO is around 8.4 μm, indicating the growth rate is 4 times the ratio of 10 × 10−5.
However, the size reduces a great deal while increasing the ratio of sodium oleyl sulfate
to Zn2+ after 10 × 10−5, accompanied by a rough surface and increased thickness of ZnO
(Figure 1d–f). As the increment of the ratio of sodium oleyl sulfate to Zn2+, the group of
oleyl sulfate becomes crumpled at the water-air interface due to the strong intermolecular
repulsion [49]. In addition, random nucleation and stacking appear on the surface of the
2D ZnO, resulting in rough surfaces and boundaries. The rough surface was analyzed by
energy-dispersive X-ray spectroscopic (EDS). The EDS mapping images show the uniform
distribution of the Cl, N, S, and O elements (Figure 1g), while the prominent points at the
surface of the ZnO are identified as Zn2+ and Na+ (Insets in Figure 1d–f), which are the
nucleation sites for the next layer. The larger amount of surfactants, the greater the number
of nucleation sites. As a result, the number of ZnO increases, but the size reduces and the
thickness increases. Therefore, the surfactant determines the location of nucleation and the
number of nucleation sites.

3.2. Effect of Temperature on 2D ZnO Growth

Temperature is an important factor for the growth of 2D ZnO because the reaction
ratio and growth are closely related to temperature. When increasing the temperature
from 64 ◦C to 70 ◦C, the size of the 2D ZnO enlarged from 4 μm to 10 μm (Figure 2a–d).
Then, the rough surface with prominent points appeared while increasing the temperature
further (Figure 2e,f). The increased size with increasing temperature is derived from the
fast response time to form the nucleation of 2D ZnO, as in Equations (1)–(6).

Zn(NO3)2 · 6H2O + H2O → Zn2++2NO3
–+7H2O (1)

(CH2)6N4+6H2O → 6HCHO + 4NH3 (2)

NH3+H2O → NH4
++OH – (3)

Zn2++2OH – → Zn(OH)2 (4)

Zn(OH)2+2OH – → Zn(OH)2–
4 (5)

Zn(OH)2–
4 → ZnO + H2O + 2OH – (6)
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Figure 1. Controlling the growth of 2D ZnO by the amount of surfactant. SEM images of 2D ZnO
synthesized with the ratio of sodium oleyl sulfate to Zn2+ is around (a) 6 × 10−5, (b) 8 × 10−5,
(c) 10 × 10−5, (d–f) 11 × 10−5, 13 × 10−5, and 14 × 10−5. Insets are the corresponding EDS mapping
images of Zn and Na elements. Scale bar is 1 μm. (g) SEM image and EDS mapping images for Zn,
Na, C, Cl, N, S, and O elements, respectively. Scale bar is 2.5 μm.

 

Figure 2. Controlling the growth of 2D ZnO by temperature. SEM images of 2D ZnO synthesized
with the temperature at (a) 64 ◦C, (b) 66 ◦C, (c) 68 ◦C, (d) 70 ◦C, (e,f) 72 ◦C and 74 ◦C. Insets are the
corresponding EDS mapping images of Zn and Na elements. Scale bar is 1 μm. (g) Dependence of
pH values on times with different temperatures.
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When increasing the temperature, the chemical reactions of Equations (1)–(5) are accel-
erated because the promoted diffusive transfer of the Zn2+/OH – to the water-air interface
for the higher temperature accelerates the molecular motion. As a result, Zn(OH)2−

4 is
quickly produced, prompting the nucleation growth of 2D ZnO for the decomposition of
Zn(OH)2−

4 , as in Equation (6). The accelerated chemical reactions can be confirmed by pH
with increasing temperature (Figure 2g). Because the fast conformation of Zn(OH)2−

4 , leads
to a more rapid consumption of OH – in the solution, pH will be reduced with increasing
temperature. Figure 2g shows that the pH values are reduced and rapidly decrease with the
increment of the temperature, indicating the accelerated chemical reactions with increasing
temperature. Thus, the size of 2D ZnO gradually increased with the temperature from
64 ◦C to 70 ◦C. Furthermore, the sharp triangle angle changed with decreasing pH, and a
truncated triangle emerged. The reason for this might be the imbalance between the zinc
and the hydroxide at the water-air interface for the decrease of the concentration of OH –.
Meanwhile, the rough surface with prominent points is connected with the increasing
nucleation of the 2D ZnO, again with increasing temperature. On one hand, classical nu-
cleation theory predicts that as the temperature increases, the nucleation potential barrier
decreases [50], causing an increase in the number of nuclei of 2D ZnO. On the other hand,
the high temperature also promotes the diffusive transfer of Zn2+/OH – and nucleation on
the 2D ZnO surface. The nucleation on the 2D ZnO surface is presented by EDS mapping
images (Insets in Figure 2e,f), and the nucleation on 2D ZnO results in a rough surface.
Therefore, temperature administrates the diffusive transfer of Zn2+/OH –, nucleation, and
the growth of the 2D ZnO.

3.3. Effect of Precursor Concentration on 2D ZnO Growth

According to chemical reaction kinetics, the rate of the radical reaction is proportional
to the concentration of each reactant. Therefore, precursor concentration should play an
important role in the growth of 2D ZnO. Thus, we investigated the effect of precursor
concentration on the growth of 2D ZnO to further clarify the growth mechanism of 2D
ZnO. The shape of 2D ZnO was triangular at the precursor concentration of 40 mM,
but the 2D ZnO nanosheets are sparsely distributed (Figure 3a). This phenomenon is
attributed to the lower precursor concentration, which causes a lower zinc concentration.
Furthermore, fewer zinc ions are attracted to the water-air interface by the oleyl sulfate
anions, which is not conducive to the nucleation and growth of 2D ZnO. When the precursor
concentration was increased from 40 mM to 50 mM, the size of the 2D ZnO gradually
increased (Figure 3b,c). The increment of precursor concentration induces an increase
of Zn2+/OH – in the solution, promoting the diffusive transfer of Zn2+/OH – from the
solution to the water-air interface. Thus, the growth rate of 2D ZnO is accelerated and
the size of the 2D ZnO increases. Subsequently, when the precursor concentration is
incremented from 50 mM to 60 mM, the size of the 2D ZnO was seen to increase further,
accompanied by the surface stacking of the 2D ZnO (Figure 3d,e), i.e., originated from
nucleation on the 2D ZnO surface with higher precursor concentration and Zn2+/OH –

in the solution. Finally, the size is reduced and the layering of 2D ZnO is increased with
increasing precursor of more than 65 mM (Figure 3f). The excessive precursor induces
the rapid spread of Zn2+/OH – from the solution to the water-air interface and a massive
amount of nucleation of the 2D ZnO, leading to a small size. The larger number of
Zn2+/OH – also prompts the nucleation on the first layer of 2D ZnO, resulting in a thick
and irregular shape. In a word, the concentration of the precursor controls the amount of
Zn2+/OH – at the water-air interface, as well as the size and thickness of the 2D ZnO.
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Figure 3. Controlling the growth of 2D ZnO by precursor concentration. SEM images of 2D ZnO
synthesized with precursor concentration of (a) 40 mM, (b) 45 mM, (c) 50 mM, (d–f) 55 mM, 60 mM
and 65 mM. Insets are the corresponding EDS mapping images of Zn and Na elements. Scale bar is
1 μm.

3.4. Effect of Growth Time on 2D ZnO Growth

In order to clarify the growth mechanism of 2D ZnO, it is particularly important to
investigate the effect of different growth times on 2D ZnO. The size of the 2D ZnO increased
continuously when the growth time was incremented from 40 min to 50 min (Figure 4a–c).
As the reaction time increased, the number of Zn2+ attracted to the water-air interface
by the anionic surfactant increased, leading to the increment of Zn(OH)2−

4 . Then, the
Zn(OH)2−

4 gradually decomposed, and ZnO formed and grew at the water-air interface,
causing the enlarged size of the 2D ZnO. However, when increasing the growth time from
55 min, a rough surface with prominent points appeared, and the dissolving phenomenon
emerged (Figure 4d–f). The rough surface could also be confirmed as clusters of Zn2+

and Na+ by the EDS mapping images (Insets in Figure 4d–f), which can be seen as the
nucleation of the next layer of 2D ZnO. The dissolving phenomenon of the 2D ZnO might
be connected to the following reasons. Due to the amphoteric character and large surface
area of 2D ZnO, the 2D ZnO cannot maintain stability in alkaline solutions for a long time
and start to dissolve with increasing time [51]. Another possible scenario is poor crystalline
quality, which accelerates the dissolving process [52]. In a word, a suitable growth time
promotes the gathering of Zn(OH)2−

4 and the growth of 2D ZnO. However, a long growth
time will induce dissolution of 2D ZnO.

3.5. Characterization

Thus, the growth process of 2D ZnO, modulated by the surfactant, temperature,
precursor, and growth time, can be concluded as follows (Table 1 and Figure 5a–e). Firstly,
the surfactant dissolves to form a group of oleyl sulfate, which cannot be dissolved in the
water and floats on the solution’s surface. The ionized surfactants are negatively charged,
which absorb Zn2+ at the water-air interface. Then, Zn2+ ions react to yield Zn(OH)2−

4 and
2D ZnO. Thus, the location of the surfactant determines the sites, number of nucleation sites,
and growth of the 2D ZnO. Secondly, temperature is connected with the conformation rate
of Zn(OH)2−

4 . The lower the temperature, the slower the diffusion rate of the Zn2+/OH –

and the formation of Zn(OH)2−
4 , and vice versa. Moreover, the higher temperature also

causes a low potential barrier of nucleation, resulting in a large number of nucleation sites
of 2D ZnO. However, the excessive number of nucleation sites will lead to a small size
of 2D ZnO. Thirdly, the concentration of precursor controls the amount of Zn2+/OH – in
the solution, which dominates the rates of diffusion and the transfer of Zn2+/OH – to the
water-air interface by chemical gradient, as well as the rates of the nucleation and growth
of 2D ZnO. Additionally, an excessive concentration of precursor induces rapid diffusion
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and transfer of Zn2+/OH –, which generates a great deal of new nucleation sites and a
small size of 2D ZnO. Fourthly, the growth time influences the amount of Zn2+/OH – at the
water-air interface. A suitable growth time encourages continuous growth and a large size
of 2D ZnO. However, growth time that is too long will result in the dissolution of 2D ZnO.

 

Figure 4. Controlling the growth of 2D ZnO by growth time. Controlling the growth of 2D ZnO
with a time of (a) 40 min, (b) 45 min, (c) 50min, (d–f) 55 min, 60 min and 65 min. Insets are the
corresponding EDS mapping images of Zn and Na elements. Scale bar is 1 μm.

Table 1. Effect of the above parameters on 2D ZnO growth.

Parameters Value Size (μm) Morphology

The ratio of sodium
oleyl sulfate to Zn2+

6 × 10−5 2.1 triangle

8 × 10−5 6.5 triangle

10 × 10−5 8.4 triangle

11 × 10−5 7.2 triangle + rough

13 × 10−5 4.6 triangle + rough

14 × 10−5 3.7 triangle + rough

Temperature (◦C)

64 5.2 triangle

66 7.5 triangle

68 7.6 triangle

70 8.5 triangle

72 7.8 triangle + rough

74 7.6 truncated triangle +
rough

precursor
concentration (mM)

40 1.8 triangle

45 3.5 triangle

50 8.6 triangle

55 10.1 triangle + rough

60 13 triangle + rough

65 3.8 triangle + rough
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Table 1. Cont.

Parameters Value Size (μm) Morphology

Growth time (min)

40 1.5 triangle

45 2.1 triangle

50 8.9 triangle

55 7.7 triangle + rough

60 7.3 triangle + rough

65 7.2 triangle + rough

Figure 5. Mechanism analysis of 2D ZnO synthesis by SA-ILE. Schematic diagram of the synthesis
of 2D ZnO while controlling (a) the ratio of sodium oleyl sulfate to Zn2+ (i): lower than 10 × 10−5,
(ii): 10 × 10−5, (iii): higher than 10 × 10−5, (b) temperature (i): lower than 70 ◦C, (ii): 70 ◦C,
(iii): higher than 70 ◦C. (c) precursor (i): lower than 50 mM, (ii): 50 mM, (iii): higher than 60 mM and
(d) growth time (i): lower than 50 min, (ii): 50 min, (iii): higher than 50 min. (e) Diagram illustrates
the nucleation and growth of 2D ZnO. The red dotted box indicated the formation of 2D ZnO at the
water-air interface. (f) Optical image of 2D ZnO. Scale bar is 5 μm. (g) SEM image of 2D ZnO. Scale
bar is 5 μm. (h) XPS spectrum of 2D ZnO. (i) Raman spectrum of 2D ZnO.

By carefully controlling the factors of surfactant, temperature, precursor, and growth
time, the 2D ZnO nanosheets with a smooth surface and a regular triangle shape are
achieved. As can be seen from the optical and SEM images, the triangle shape and high
cleanliness of the 2D ZnO are present (Figure 5f,g). The crystal structure can be character-
ized by XPS and Raman spectra. Figure 5h shows 2 peaks centered around 1021 eV and 1044
eV, corresponding to the binding energies for Zn 2p3/2 and Zn 2p1/2, respectively, reveal-
ing that the Zn element is in a +2 oxidation state [53]. The Raman spectrum gives 5 peaks,
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centered around 235 cm−1, 302 cm−1, 435 cm−1, 617 cm−1, and 670 cm−1, respectively. The
peaks centered at 235 cm−1 may correspond to undesired adulteration [54]. The peaks at
302 cm−1, 617 cm−1, and 670 cm−1 originate from symmetric stretching vibration, E1 (LO)
modes, and the TA + LO intrinsic mode of ZnO [55,56]. The peak centered at 435 cm−1

corresponds to the E2 (high) of ZnO, corresponding to the energy band characteristic peak
of wurtzite ZnO and confirming the formation of wurtzite ZnO (Figure 5i) [57,58].

4. Conclusions

In summary, we have achieved the large size, triangle shape, and high cleanliness of
2D ZnO by precisely controlling the concentration of the surfactant, precursor, temperature,
and growth time. The surfactant administrates the location of the nucleation and the
number of nucleation sites. With the ratio of sodium oleyl sulfate to Zn2+ increasing from
6 × 10−5 to 10 × 10−5, the size of the 2D ZnO grows from 2.1 μm to 8.4 μm. However,
the size reduces a great deal while increasing the ratio, accompanied by rough surface
and increased thickness of the ZnO. The temperature controls the diffusive transfer of
Zn2+/OH –, nucleation, and the growth of the 2D ZnO. The size of the 2D ZnO increases,
and the surface is smooth, with the temperature increased from 64 ◦C to 70 ◦C. However,
truncated triangles appeared as the temperature increases higher than 70 ◦C. The concen-
tration of the precursor dominates the amount of Zn2+/OH – at the water-air interface, as
well as the size and thickness of the 2D ZnO. The size of the 2D ZnO grows from 1.8 μm
to 13 μm as the precursor concentration increases from 40 mM to 60 mM. Yet, the rough
surface emerges once it exceeds 50 mM. The suitable growth time promotes the gathering
of Zn(OH)2−

4 and the growth of the 2D ZnO. The size of the 2D ZnO increases with the
growth time from 40 min to 50 min. However, long growth time will induce dissolution of
2D ZnO. Finally, the best parameters for the growth of 2D ZnO is 10 × 10−5 of the ratio
of sodium oleyl sulfate to Zn2+, 70 ◦C, 50 mM of precursor concentration, and 50 min of
growth time. Our work clarifies the mechanism of the SA-ILE growth of 2D ZnO, promotes
the further development of SA-ILE, and paves the way for applications of 2D ZnO in
ultraviolet photodetectors, 2D spintronics, and piezoelectric devices.
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Abstract: In this study, zinc oxide nanostructures (ZnO NS) were synthesized using Pyrus pyrifolia
fruit extract. Biophysical characterization results confirmed that the synthesized materials are
crystalline wurtzite ZnO structures. Field emission scanning electron microscopy (FESEM) revealed
that the ZnO NS are cubical, and the sizes range 20–80 nm. Transmission electron microscopy (TEM)
and XRD results revealed a crystal lattice spacing of 0.23 nm and (101) the crystalline plane on
ZnO NS. UV-Visible spectrophotometer results showed an absorbance peak at 373 nm. The ZnO
NS demonstrated significant antibacterial activity analyzed by metabolic activity analysis and disc
diffusion assay against Escherichia coli and Staphylococcus aureus. FESEM analysis confirmed the
bacterial membrane disruption and the release of cytoplasmic contents was studied by electron
microscopy analysis. Further, ZnO NS achieved good photocatalytic activity of decolorizing 88%
of methylene blue (MB) in 60 min. The dielectric constant and loss of ZnO were found to be 3.19
and 2.80 at 1 kHz, respectively. The research findings from this study could offer new insights for
developing potential antibacterial and photocatalytic materials.

Keywords: antibacterial; zinc oxide nanoparticles; photocatalytic; methylene blue; Pyrus pyrifolia; dielectric

1. Introduction

Nanotechnology involves the application of materials in the range of 1–100 nm. The
applications span from coatings [1], gas sensing devices [2], solar cells [3], batteries [4],
environmental catalysts and antimicrobials [5,6]. Metal and metal oxide nanomaterials
have improved the efficiency and performance of such devices. Consequently, researchers
have given ZnO much attention due to its biocompatibility, low cost, high photocatalytic
efficiency and antimicrobial potential. Indeed, it is recognized as a multifunctional material,
as it has played a significant role in various fields such as biomedical (e.g., antimicrobials
anticancer, tissue engineering) [7–9], cosmetics industries [10] and photocatalysts [11].
ZnO nanostructures are II–VI semiconductors with a wide bandgap energy of 3.3 eV and
a high excitation binding energy of 60 meV. Thus, the materials are suitable for large
electrical fields, high temperatures and high-power functionalities such as photovoltaic
cells and chemical sensors. ZnO nanocrystals mostly show a wurtzite structure with lattice
parameters of a = 0.325 nm and c = 0.520 nm [12]. The scarcity of clean water has been
a serious issue debated globally. Water contamination is severely inflicted everywhere.
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This is due to the irresponsible and uncontrolled development of industries that release
chemicals into streams [13]. For example, textile industries have used large amounts of
dyes and water in their textile coloring process. The release of dye wastewater from this
process substantially pollutes the aqueous environment, which was predicted to be 15–20%
of the total industrial pollution [14]. The introduction of carcinogenic dye pollutants to
the environment cause lethal side effects to human and aquatic organisms [15]. Therefore,
finding ways to remove wastewater dyes before discharging them into the environment
is necessary.

In recent years, ZnO has been intensively researched as a potential material to treat
dye effluents. In this process, ZnO absorbs UV light with a wavelength equal to or less than
385 nm to generate radicals that, in turn, degrade the dyes. Recent studies demonstrated
that the photodegradation of methylene blue (MB) was up to 98.3% [16]. Factors such as
morphology [17], shape, size and concentrations of the ZnO can directly affect the efficiency
of the photocatalytic activities [18]. For instance, Barnes et al. reported that lowering the
concentration of ZnO from 1 to 0.1 g/L reduced the photodegradation performance from
18 to 7% [19]. Recognizing the simplicity and wide potential of ZnO as a photocatalytic
agent, numerous approaches are being used to synthesize ZnO nanostructures. However,
green synthesis is more advantageous than the conventional approach and hazardous
chemical-free procedures [20,21] because it is eco-friendly. This technique is similar to
chemical reduction, except that the extracts of natural products replace the reducing and
stabilizing agent. Furthermore, studies have shown that the nature of biological elements
and the concentrations of extracts could influence the size, shape, and optical properties of
nanostructures [22–25].

ZnO is also gaining interest due to its electronic polarizability. This allows ZnO to be
researched as a dielectric material. Dielectric materials are mainly applied in developing
flexible electronic devices [26]. In addition, the dielectric properties of the developed
material strongly depend on the synthesis conditions [27]. Lanje et al. reported that the
ZnO obtained via the precipitation method has a dielectric constant of 14.52 at 100 kHz [28].
On the other hand, ZnO synthesized using starch as a stabilizing agent reported a dielectric
constant in the range of 4–5 at the same frequency [27]. At the same time, numerous
research studies have investigated the phytosynthesis of ZnO, but very few have discussed
its dielectric or electrical properties. In the present work, we develop a facile method for
the synthesis of ZnO nanostructures by using a fruit extract of Pyrus pyrifolia. To the best
of our knowledge, this is the first study of ZnO NS synthesis using P. pyrifolia fruits. To
study the interaction between ZnO nanostructures and the bacteria and the decolorization
ability of MB, we studied antimicrobial assays and the photocatalytic reaction. Notably, the
dielectric properties of ZnO NS have also been reported in this study.

2. Materials and Methods

2.1. Chemicals and Reagents

All chemicals used in this study were of analytical grade and used without further pu-
rification. The zinc nitrate (Zn(NO3)2.6H2O), Ethidium bromide (EB) and MB were purchased
from Sigma Aldrich (Burlington, MA, USA). Acridine orange (AO) was obtained from VWR
AMRESCO Life science, Radnor, PA, USA. Distilled water (DW) was used in all experiments.

2.2. Preparation of Extracts

Fresh fruits of Pyrus pyrifolia were obtained from a supermarket in Kuala Lumpur,
Malaysia. The fruits were washed twice with DW to remove any dust and impurities, then
100 g of the fruit was cut into small pieces and ground with 100 mL DW. The resulting
saturated extract was filtered through the Buchner funnel by vacuum filtration and further
filtration procedures were carried out (e.g., using gravity filtration) to ensure a clear extract
was attained.

28



Crystals 2022, 12, 1808

2.3. Synthesis of ZnO Nanostructures

For the synthesis of ZnO nanostructures, 0.1 M Zn(NO3)2.6H2O was prepared by dissolv-
ing 7.43 g of zinc nitrate in 250 mL DW and sonicated for 30 min to achieve complete dissolution.
Aqueous fruit extract in the amount of 50 mL was introduced into the above solution, mag-
netically stirred for 15 min and left at room temperature for 24 h. Afterwards, the reaction
solution was heated at 80 ◦C till the volume was reduced to 3/4 of its original volume and the
color changed to a deep yellow paste [29]. Next, the paste was collected in a clean crucible and
calcined at 450 ◦C for 60 min using a small benchtop muffle furnace (Barnstead/Thermolyne
furnace 1400, Thermo Scientific, Waltham, MA, USA). The calcined materials were washed with
DW and ethanol to remove the impurities. Finally, the resultant materials were dried for 12 h in
a vacuum oven at 70 ◦C to obtain the white zinc oxide powder.

2.4. Characterization of the ZnO

X-ray diffraction (XRD) analysis was performed using Ultima IV (Rigaku, Tokyo,
Japan) at a scan speed of 2◦ min−1 and a wavelength of 1.5406 Å in the 2θ range of
20–90 degrees. The crystallite size of the resultant ZnO NS was calculated using the
Scherrer Equation (1).

D =
κλ

βcosθ
(1)

where D is the average crystallite size (in Å), κ is the shape factor, λ is the X-ray wavelength
of X-ray (1.5406 Å) Cu-Kα radiation, β is the full width at half maximum (FWHM) of the
diffraction peak and θ is the Bragg angle [30].

The UV-Vis absorbance spectra were obtained using a UV-1700 Spectrometer (Shi-
madzu, Kyoto, Japan) with measurements in the wavelength range of 300–500 nm. Fourier
transform infrared (FT-IR) spectroscopy analysis was carried out to detect the possible func-
tional groups involved in the synthesis of ZnO nanostructures. A PerkinElmer, Waltham,
MA, USA, Frontier FT-IR Spectrophotometer in the attenuated total reflectance (ATR) mode
in the range of 4000–500 cm−1 was used. Raman spectra were recorded in the backscat-
tering geometry using a 632 nm HeNe laser with a LabRAM HR Evolution spectrometer,
Kyoto, Japan. The morphological properties were characterized using FESEM (JEOL JSM
6701-F, Peabody, MA, USA) equipped with EDX analysis. EDX tests were carried out to
identify the element and obtain the weight/atomic ratio of each element in the synthesized
nanomaterials. Transmission electron microscopy (TEM) analysis was carried out on a
(JEOL 2010, Peabody, MA, USA) instrument operated at an accelerating voltage of 200 kV.
The Brunauer-Emmett-Teller (BET) nitrogen adsorption-desorption (Nova 2000E) was used
to calculate the specific surface areas using desorption data. The sample was prepared
using 200 mg of ZnO NS, which was subsequently degassed at 200 ◦C for 2 h to remove
the moisture. Nitrogen gas was introduced as an adsorbent into the sample cell and the
pressure changes due to the adsorption process were monitored via pressure transducers.
When the saturation pressure was achieved, the sample was removed from the nitrogen
atmosphere and heated to release the adsorbed nitrogen, which was then quantified.

2.5. Dielectric Studies

The dielectric studies of ZnO NS were carried out using a chemical impedance ana-
lyzer (Model: Hioki Im3590, Nagano, Japan). The as-synthesized ZnO nanostructure was
compressed into pellets 13 mm in diameter and 0.539 mm in thickness by applying a force
of 10 tons with a hydraulic press. The dielectric constant and loss were measured in the
frequency range of 1 Hz–100 kHz.

2.6. Photocatalytic Decolorization of Methylene Blue

We placed 2.5 mg/L MB dye (50 mL) and 10 mg catalyst ZnO NS in a glass beaker
and the suspension was magnetically stirred for 30 min in the dark to reach equilibrated
adsorption between the ZnO NS and MB. Then the suspension was irradiated under UV
light sources (Philips, λ = 365 nm, 6 W) with continuous stirring. Another beaker containing
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the same concentration of MB dye without ZnO was prepared as a control and underwent
the same treatment as the one with ZnO. The samples (5 mL) were taken out at regular
intervals of 0, 15, 30, 45 and 60 min, centrifuged for 5 min at 4000 rpm and the absorbance
was measured using UV-Vis spectroscopy. The decolorization efficiencies of the dyes were
estimated from the following equation [31]:

Decolorization(%) =
Ao − At

Ao
× 100 (2)

where Ao represents the absorbance of dye before illumination and At denotes the ab-
sorbance of the dye after a specific irradiation time.

2.7. Antimicrobial Assay of ZnO NS
2.7.1. Disc Diffusion Assay

The antibacterial activity of the ZnO NS was studied using disc diffusion assay. Briefly,
Gram-positive bacteria B. subtilis (ATCC 23857) and Gram-negative bacteria E. coli (ATCC
25922) were used to perform the antimicrobial assays. The freshly grown bacterial single
colonies were spread in the Mueller-Hinton agar plate. The different concentrations (100,
200, 300 and 400 μg/mL) of ZnO NS solution (20 μL) were impregnated on the paper disc
(6 mm diameter) and labelled as 1, 2, 3 and 4. The disc in the center was loaded with 20 μL
DW and served as a control. The plates were then incubated for 24 h at 37 ◦C. The bacterial
inhibition zones observed around the discs were measured and tabulated.

2.7.2. Resazurin Assay Based Minimum Inhibitory Concentration (MIC) Determination

The MICs of the ZnO NS were determined by a standard broth microdilution assay
in a 96 well plate. Briefly, the concentration of overnight grown bacterial pathogens was
adjusted to 1 × 105 CFU/mL. The ZnO NS (500 μg/mL) were serially diluted (2-fold) in
175 μL of MHB with 10 μL of selected bacterial inoculum. The wells containing only MHB
and the MHB containing bacteria were negative and positive controls, respectively. Then,
the plates were incubated for 24 h at 37 ◦C. Next, the MIC was determined by visually
observing the turbidity. The lowest concentration of ZnO NS treated bacteria wells without
turbidity were considered as the MIC [32]. Meanwhile, another set of experimental wells
were flooded with 10 μL of resazurin and incubated for 60 min. The sample wells turned
from blue to pink, indicating bacterial viability, and the minimal dosage of ZnO NS treated
wells remained blue, indicating MIC [33].

2.7.3. Analysis of Bacterial Morphological Changes

The morphological changes of bacteria caused by the ZnO NS were examined by
scanning electron microscopy. Briefly, P. aeruginosa and B. subtilis were treated with ZnO
NS and incubated at 37 ◦C for 2 h. Then the cells were washed with PBS, followed by
glutaraldehyde fixation for 6 h. The samples were then washed with H2O and dehydrated
with increasing concentrations of ethanol and acetone. Lastly, the samples were processed
for gold coating and viewed under a field emission scanning electron microscope (FESEM).

3. Results and Discussion

3.1. ZnO NS Synthesis and UV-Vis Spectrum

The phytochemical constituents in the P. pyrifolia fruit extract chelate with the metallic
zinc ions (Zn2+) and form yellow-colored zinc coordinated complex sediment in the reaction
medium [34]. Then, the obtained Zn complex was decomposed by calcining it at 450 ◦C for
60 min to get the nanostructured zinc oxide materials. The schematic diagram of P. pyrifolia
mediated ZnO NS synthesis is represented in (Figure 1a).
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Figure 1. Schematic representation of zinc oxide nanostructures synthesis using Pyrus pyrifolia fruit
extract (a). UV-Vis spectrum of the synthesized zinc oxide nanostructure solution (b).

Generally, UV-Vis spectral analysis is used to confirm the formation of metal and
metal oxide nanoparticles. The synthesized aqueous ZnO NS solution showed that the
synthesized nanoparticles exhibit an excitation wavelength of 373 nm (Figure 1b), which is
almost similar to the range of results in the literature [11,22]. The band gap energy (E) of
the synthesized ZnO nanostructure was estimated by applying the peak at 373 nm, using
Equation (2).

E =
hc

λmax
(3)

where h is the Planck’s constant and c is the speed of light in vacuum. E of the resultant
ZnO NS was calculated to be 3.32 eV. This result is in accordance with the previous report
on the synthesis of ZnO nanoparticles [35].

3.2. X-ray Diffraction Analysis of ZnO NS

The X-Ray diffraction peaks of the synthesized ZnO NS are shown in Figure 2. The
X-ray diffraction patterns of the resultant ZnO NS showed different diffraction peaks at
the 2θ values of 31.87◦, 34.49◦, 36.36◦, 47.49◦, 56.75◦, 62.94◦, 66.29◦, 68.06◦, 69.29◦, 75.58◦
and 76.85◦, which can be indexed to the (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3),
(2 0 0), (1 1 2), (2 0 1), (0 0 4) and (2 0 2) planes, respectively. These observed diffraction
peaks are highly matched with the hexagonal phase of the wurtzite ZnO structure (JCPDS
card number: 36–1451). The sharp diffraction peaks demonstrate the high crystalline nature
of the formation of ZnO particles. No obvious presence of unknown peaks implies a high
purity of the synthesized ZnO NS. Our results are in accordance with an earlier report [36].
The crystallite size of the resultant ZnO NS was calculated using the diffraction peak of
36.36◦ and found to be 17 nm.
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Figure 2. XRD pattern of the synthesized zinc oxide nanostructures.

3.3. FESEM and EDX Pattern of ZnO NS

The FESEM images showed that the diameters of the samples of ZnO nanostructures
are in the range of 20–80 nm (Figure 3a,b). The ZnO is cubical, and the shape is almost
uniform throughout the sample. The formation of clusters by the nanoparticles is mostly
likely attributed to agglomeration, which is common in nano-sized materials. Furthermore,
the elemental analysis spectrum results revealed the presence of zinc and oxygen in the
densely populated nanoparticles region (Figure 3c). The elemental weight percentage is
shown in the inset of (Figure 3c).

Figure 3. Scanning electron microscopic images of zinc oxide nanostructures at different magnifica-
tions (a,b). EDX pattern of zinc oxide nanostructures (c).

3.4. TEM and BET Measurement of Resultant Nanomaterials

To study the structure and morphology of the synthesized ZnO NS, the TEM analysis
was employed, as shown in (Figure 4a), and thus the mean size of the particles can be
analyzed. It is apparent from the TEM image that the shape of the ZnO particles is modified
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from a spindle structure to a nearly spherical form due to the involvement of the extract
in the crystallization process. This further asserts the findings of Bayrami et al. [37]. The
results showed the lattice fringes spacing was measured to be 0.23 nm, which can be
attributed to the space between two planes (101) of the wurtzite ZnO NS [38]. Moreover,
this result corroborates the crystal lattice spacing determined from the above XRD peak
2θ value of 36.36◦ with a corresponding lattice plane of (101).

Figure 4. Transmission electron microscopy images of zinc oxide nanostructures (a), BET adsorption-
desorption isotherms of resultant zinc oxide nanostructures (b).

To examine the surface properties of resultant ZnO NS, the Brunauer-Emmett-Teller
(BET) nitrogen adsorption-desorption isotherms were measured, as shown in (Figure 4b).
In both cases, it is evident that the volume of the sample increases monotonously with
increasing relative pressure. Particularly, at low pressure (between 0 and 0.1 P/P0), the
adsorption can be largely attributed to its microporous filling. A nearly similar trend is
noticed for desorption. However, with the enhancement in pressure, a gentle hysteresis loop
ensues, which is a habitual hallmark of mesoporous materials [39]. The BET measurements
estimate the surface area of ZnO to be 21.4 m2/g. Furthermore, relating the ZnO NS surface
area with their photocatalytic performances, two trends of results have been reported, as
the photocatalytic activity of ZnO nanoparticles increased with both an increase in specific
surface area [40] and a decrease in specific surface area [41]. Moreover, it has been reported
that, although the ZnO NS have a larger surface area and it has no significant effect on the
pore diameter, it may result in a larger active site [42]. The obtained data curve denotes
typical type II isotherms, which relate to the nonporous characteristic of solids [37].

3.5. FTIR and Raman Measurement of ZnO NS

FTIR spectra of the P. pyrifolia fruit extract and synthesized ZnO nanostructures before
and after calcination were showed in (Figure 5a, A,B,C). A vibration band of fruit extract
showed peaks at 3382, 1638, 1488, 1381 and 845 cm−1. The peak at 3382 cm−1 corresponds
to the O-H stretching functional group [43]. The peaks at 1638 and 1488 cm−1 can be
attributed to the carbonyl (C=O) functional group and bending vibration of the sp2 C=C
aromatic ring [44], respectively. The obtained peaks at 1381 and 845 cm−1 are probably due
to the alkene group of C-H stretching and C-N amine [45], respectively. Phenolic contents
in the extract of pear may also be involved in the formation of ZnO NS. Momeni et al.
suggested that the peaks that range from 3500 to 3100, 1720, 1605, 1395 and 1100 cm−1

can be linked to the free OH in the extract, thus forming hydrogen bonds, a carbonyl
group (C=O), a stretching C=C aromatic ring and C-OH and C-H stretching vibrations.
Correspondingly, these indicate the presence of phenolic structures in the plant extract [46].
The FTIR spectrum of synthesized zinc complex before calcination showed peaks at 3412,
1635 and 1385 cm−1. A comparison of FTIR spectra revealed a slight shift in the peaks of
the extract and the zinc complex. This is anticipated due to the adsorption of the plant
extract (C-H stretching vibration, O-H and carbonyl groups) onto the zinc surface, which
may be involved in the synthesis of the nanoparticles. Further, the FTIR spectrum of the
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ZnO NS revealed no significant peaks due to the decomposition of bioactive functional
groups during calcination [5].

Figure 5. (a) FTIR spectrum of P. pyrifolia fruit extract (A), ZnO NS before calcination (B), calcined
ZnO NS (C) and Raman spectrum of ZnO nanostructures (b).

The Raman spectrum of the ZnO nanostructures from 290 cm−1 to 990 cm−1 is shown
in Figure 5b. The obtained spectrum has a Raman peak comparable to ZnO nanocrystals
presented in an earlier report [47] with a slight shift (in the range of 1–2 cm−1) caused by
different crystal sizes [48]. Theoretically, the wurtzite crystal structure of ZnO belongs to the
C6v4, possessing 2 formula units in each primitive cell with all the atoms lodging the C3V
sites [49]. The major, sharp peak labelled as E2 at 439 cm−1 is recognized as Raman active
optical phonon mode, which is the characteristic of the wurtzite hexagonal phase ZnO.
Raman modes at 333.6 and 439 cm−1 are denoted as 2E2 and E2 modes, respectively [47,48].

3.6. ZnO NS Photocatalytic Decolorization of Methylene Blue

The photocatalytic decolorization efficiency of ZnO NS on MB was observed using
different amounts of ZnO catalyst (1 mg, 5 mg, 10 mg and 20 mg) in 50 mL of 2.5 mg/L
MB solution under UV light for 60 min. The decolorization was analyzed by measuring
the absorbance peak of the MB. As shown in Figure 6a, a lower absorbance peak indicates
that more MB is decolorized and vice-versa. These results showed that by using 10 mg of
ZnO, the absorbance peak was the lowest compared to the other tested ZnO concentrations,
inferring the highest amount of MB decolorized at this particular concentration. This may
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be attributed to the increase of the catalyst concentration, which subsequently increases the
production of ROS and accelerates the number of active sites on the ZnO NS for the reaction.

Figure 6. The absorption spectrum of photodegradation efficiency of MB (a), degradation percentage
of MB (b) and schematic illustration of photodegradation of methylene blue by ZnO NS (c).

As seen in Figure 6b, the decolorization exhibits a linear behavior indicating that
degradation is directly proportional to the amount of ZnO. However, it was also observed
that when the catalyst loading was further increased to 20 mg, the absorbance peak of the
MB was the highest, corresponding to the lowest decolorization of MB. The decrease in the
photocatalytic decolorization efficiency is probably due to the agglomeration of the catalyst
particles. As a result, the specific surface area decreased and subsequently decreased
the number of active sites [50]. Moreover, a high quantity of ZnO NS would lower the
opacity, turbidity of the suspension and light scattering of the catalyst particles. The more
significant amount of nanoparticle suspension may have increased UV shading to hinder
photocatalytic activity [19,51]. This would decrease the path of irradiation through the
sample [52]. Therefore, in our case, the most effective decolorization for MB was recorded
with 10 mg of ZnO NS catalyst.

Figure 6c represents the photocatalytic mechanism for MB in the presence of ZnO.
Adsorption and adhesion of the MB dye molecules on the surface of ZnO result in the degra-
dation of the MB. It has been extensively discussed that the photocatalytic decolorization
of MB by semiconductors, such as ZnO, can occur due to hydroxyl radicals (•OH) [53,54].
The •OH can be formed either from (i) the highly hydroxylated ZnO surface or (ii) by direct
oxidation of dye pollutants under UV irradiation. Moreover, there is also a possibility that
the •OH co-occurs by both methods. The photo decolorization process starts when ZnO
absorbs UV light of energy equal to or higher than its bandgap (3.37 eV). This promotes
the formation of free electrons (e−) and holes (h+) in the conduction and valence bands,
respectively. These electrons can either recombine with the holes (and scatter the captivated
energy as heat), or the electron-hole pairs can contribute to redox reactions. In the case
of participating redox reactions, the electron-hole pairs can generate •OH either from the
reaction of h+ with water or with OH− anions [50]. On the other hand, the response of

dissolved O2 and e− will produce superoxide (•O−
2 ) and may also proceed to make OO

·
H.
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All of these active oxygen species (•O−
2 ) and free hydroxyl radicals (•OH, •OOH) could

also be involved in the photodegradation of the MB [16].

3.7. Dielectric Studies

The dielectric constant is a measure of the capability of a material to stock electrical
energy in an electric field. It is a ratio of the material permittivity to the free space permit-
tivity. Permittivity (ε) is a measure of the ability of a material to be polarized by an electric
field. An efficient dielectric material supports polarization with minimal dissipation or
loss of energy. The dissipation of energy in the form of heat, as the movement of charges
in an alternating electromagnetic field occurs, as polarization switches direction. This is
known as the dielectric loss (D) or tan δ (loss tangent). It is proportional to the amount of
energy stored and dissipated due to the presence of an applied electric field. The dielectric
constant and loss were assessed in the frequency range from 1 Hz to 100 kHz in the present
study. The dielectric constant, also known as relative permittivity, is determined using
the equation:

εr =
C x d
εo A

where C is the capacitance of the sample, d and A are the thickness and the area of the sample
pellet, respectively, and εo is the dielectric permittivity of vacuum (8.854 × 10 F/m). The εr
and tan δ for the synthesized ZnO were found to be 3.19 and 2.80 at 1 kHz, respectively. A
recent report of the synthesized ZnO NPs by the co-precipitation method demonstrated the
value of the dielectric constant and loss to be approximately 12 and 0.01, respectively [55],
while ZnO NPs synthesized using sol-gel observed the dielectric constant and loss to be
40 and 50, respectively [56]. Apart from the preparation conditions that can influence the
value of the dielectric properties [27], it is noteworthy to mention that the compression
force used in preparing the pellet must also be considered because different compression
forces will result in different void spaces between the particles [57], and void space affects
electrical measurements. Therefore, a direct comparison of the values is difficult, as many
aspects and factors come into play. Figure 7a,b represents the deviation of the dielectric
constant (ε) and dielectric loss (tan δ) with respect to frequency at room temperature (300 K).
The values of εr and D were found to decline with increasing frequency. The decrement
rate was observed to be quicker at a lower frequency and slower at a higher frequency.
The decrease of the dielectric constant at high frequencies is typical because any species
contributing to polarization will have their space charges reduced under the applied field
at higher frequencies [58]. Polarization could arise from electronic dislodgment, ionic
displacement, dipole orientation and space charge displacement [56].

Figure 7. Electrical properties of ZnO NS; (a) dielectric constant and (b) dielectric loss.

3.8. Antibacterial Activity of ZnO NS
3.8.1. MIC Determination and Metabolic Activity

Although industrial effluents pollute the environment, the emergence of pathogenic
bacterial drug resistance epitomizes the high risk to public health. Nanomaterials are
considered alternate antimicrobials due to their unique physiochemical properties. To
determine the MIC level of ZnO NS against P. aeruginosa and B. subtilis, a broth microdi-
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lution assay was performed. The turbidity observation results showed that the ZnO NS
significantly inhibited the growth of P. aeruginosa and B. subtilis with MIC values of 125
and 250 μg/mL (Figure 8, Row B and D), respectively. A similar pattern of greater and
lesser antibacterial activity was observed against P. aeruginosa and B. subtilis, which may be
due to the differential cell wall structure of Gram-positive and Gram-negative bacteria [59].
ZnO NPs demonstrated a prominent antibacterial effect; their combinations are used in
food additives due to their non-toxic nature to humans within FDA approved concen-
trations [60]. The turbid white color appearance of increasing ZnO NS concentrations
slightly interfered with the determination of MIC and whether bacterial growth caused
the turbidity. Furthermore, the samples that were incubated with resazurin after 60 min
showed that the metabolically active bacterial cells appeared to change colors, from blue
(resazurin) to pink (resorufin), as shown in Figure 8 (Row A and C). The lowest dosage of
ZnO NS (125 and 250 μg/mL) exposed P. aeruginosa and B. subtilis, remaining unchanged
in its blue color, were determined as MIC. Moreover, these results are in line with the MIC
of turbidity observation analysis.

 
Figure 8. Antibacterial activity resazurin assay (A,C) and turbidity observation (B,D) of ZnO NS
against P. aeruginosa and B. subtilis, respectively.

3.8.2. Disc Diffusion Assay

The antibacterial activity of ZnO NS was studied against B. subtilis and P. aeruginosa by
disc diffusion assay. The assay results showed clear growth inhibition on the plates against
both the tested bacteria (Figure 9a,d). From the results, the DW loaded control disc in the
center, and for lesser concentrations of ZnO NS impregnated discs (1. 100 μg/mL and
2. 200 μg/mL), did not show any inhibition against both the tested bacteria. In contrast,
a clear zone of inhibition was observed at increasing concentrations of ZnO NS discs
(3. 300 μg/mL and 4. 400 μg/mL). A higher inhibitory zone was observed at 8 mm for both
bacteria at a 400 μg/mL dosage of ZnO NS. These results showed an increased bacterial
inhibitory effect as ZnONS dosage was increased, which was correlated with an earlier
report [61].

To study the ZnO NS effect on bacterial cells, the ZnO NS treated cells were imaged
and compared with the control bacteria. Figure 9b,e shows the bacteria without any
treatment, which demonstrated a rod-like shape with a smooth cell membrane surface.
After 2 h ZnO NS treatment, our observations show that both bacteria underwent structural
changes, including membrane damage, pits and holes on the cell membranes (Figure 9c,f).
Furthermore, the leakage of cytoplasmic content was observed, which led to bacterial
death. The bactericidal effect of ZnO is ascribed to multiple reasons, such as cell wall
and cell membrane damage and the release of zinc ions and their ability to produce ROS,
which causes oxidative stress to the bacteria [62]. It was reported that the release of Zn2+

ions accelerates the ROS generation in the bacterial surface and may involve oxidizing
glutathione and induce lipid peroxidation, which subsequently causes bacterial lysis [63].
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Figure 9. Antibacterial disc diffusion assay of ZnO NS against B. subtilis and P. aeruginosa (a,d). Discs
1, 2, 3, 4 and control were loaded with 20 μL of ZnO NS (100, 200, 300, 400 μg/mL) and DW. FESEM
image of bacterial control (b,e) and after ZnO NS treatment (c,f).

4. Conclusions

ZnO nanostructures were successfully synthesized using Pyrus pyrifolia fruit extract
as a reducing agent by the green synthesis route. The structural, morphological and
optical properties of the ZnO nanostructures were analyzed by FESEM, UV-Vis, FTIR
and Raman. The XRD pattern result confirmed the wurtzite structure of ZnO nanos-
tructures. FESEM analysis revealed the average size of ZnO NS in the range of 20–80 nm.
Flavonoids/limonoids/carotenoids, proteins and other functional groups in the fruit extract
are likely responsible for forming ZnO nanostructures. Further, the ZnO NS demonstrated
significant antibacterial activity against B. subtilis, and P. aeruginosa, which was confirmed
by metabolic assay and morphological analysis. MB dye was effectively decolorized under
UV light by controlling the concentration and catalyst loading of the MB. The synthesized
ZnO NS exhibits a typical pattern of dielectric constant and loss of ZnO with respect to
the frequency. The results of this study may provide new insights into the utilization
of green-synthesized ZnO NS for developing novel antimicrobial combinations to treat
bacterial infections, and for environmental photocatalysts to remove pollutant antibiotics.
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Abstract: Aiming at the problems of lack of data on the nonlinear morphology to divide uneven
grain boundary in bulk ceramics, a unique approach of nanorobot-based characterization of three-
dimensional nonlinear structure length can be creatively proposed under scanning electron micro-
scope to quantify the actual morphology of local micro-area grain boundary in bulk ZnO. Contour
shapes of the targeted grain boundaries in plane X-Y can be imaged using SEM. Z-directional relative
height differences at different positions can be sequentially probed by nanorobot. Experiments
demonstrate that it is effective to characterize three-dimensional length structures of nonlinear grain
boundaries in bulk materials. By quantifying Z-directional relative height differences, it can be
verified to show that irregular characteristics exist in three-dimensional grain boundary length, which
can extend the depth effect on nonlinear bulk conductance. Furthermore, this method can also obtain
nonlinear quantitative topographies to divide grain boundaries to uneven structure in the analysis of
bulk polycrystalline materials.

Keywords: nonlinear grain boundary length; nanorobot-based three-dimensional characterization;
structure reconstruction; bulk ZnO; SEM

1. Introduction

Bulk ZnO ceramics possessing excellent nonlinear voltage-sensitive characteristics can
be applied in some typical uses, such as power electronics, varistors, and electronic self-
protection devices [1]. Nonlinear macroscopic electrical characteristics in bulk materials can
be ultimately determined by the Schottky barrier at the inner grain boundary interface [2,3].
In fact, they can be also essentially attributed to the integrated electrical conductivity effects
of multiple nonlinear and irregular grain boundary structures [4].

At present, most studies on bulk electrical property measurements can lead to the lack
of electrical conductivity property expressions of grain boundaries in bulk ceramics [5,6].
Moreover, it is usual to assume that the isometric structure in bulk materials can be utilized to
divide the grain boundary. This cannot produce the effect of differentiation on a single grain
boundary. Thus, electrical property measurements of inner grain boundaries can be developed
under optical microscope to accomplish micrometer characterization [7–10]. The author’s
team has also developed in scanning electron microscope (SEM) to conduct nanometer
morphology measurement of the grain boundary [11,12]. However, existing electrical
measurements may lack the three-dimensional topography data of a single grain boundary.
Although the author has also developed a structure characterization of inner invisible
grain boundary using nanorobot in SEM [13], it is still short of nonlinear quantitative
topographies. Thus, it is significant to pursue an attempt to address a difficulty regarding
to how to characterize three-dimensional grain boundary length.

Due to lack of data on the nonlinear morphology to divide uneven grain boundary
in bulk ceramics, an approach of three-dimensional length characterization of nonlinear
single grain boundary can be proposed under SEM using nanorobot, to accomplish local
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nonlinear structure characterization of micro-area grain boundaries morphology in bulk
polycrystalline ZnO. Furthermore, it can provide a feasible way for the characterization of
the three-dimensional structure of an irregular grain boundary. With respect to potential ap-
plications, it can try to provide a better way to enhance the positive effect on polycrystalline
materials synthesis and structure characterization.

2. Experiments

A polished bulk polycrystalline ZnO sample was mounted onto a nanorobot em-
bedded into SEM (SU3500, Hitachi, Tokyo, Japan). The nanorobot, consisting of a macro
piezoelectric motor and micro positioning table, can be utilized to conduct Z-directional
heights probing of different positions in plane X-Y. Nanorobots with end probe tip 500 nm
can accomplish 10 mm macro motion with resolution of 20 μm and 20 μm micro motion
with a resolution of 1 nm, respectively.

In order to accomplish the three-dimensional characterization of nonlinear grain
boundary interface lengths in the micro-area of bulk ZnO, two-dimensional profile struc-
ture lengths of the targeted grain boundaries can be imaged in plane X-Y. Next, Z-directional
heights in plane X-Z and plane Y-Z can be obtained by nanorobot probing at the equidis-
tant positions. As illustrated in Figure 1, it is a schematic diagram accounting for three-
dimensional characterization of nonlinear structure lengths of micro-area grain boundary
interfaces in bulk ZnO ceramics. After two-dimensional structures of the targeted grain
boundary had been imaged to quantify the profile lengths in plane X-Y. When Z-directional
relative differences had been vertically probed between different positions, the nanorobot
end tip needed to be detected to accomplish the real contact to the upper surface in plane
X-Y. At this point, taking Z-directional height as the initial reference occurred.

 

Figure 1. Schematic diagram accounting for three-dimensional characterization of nonlinear structure
lengths of micro-area grain boundary interfaces in bulk ZnO ceramics.

In order to verify the rationality of nanorobot-based probing of Z-dimensional heights,
six positions at micro-area grain boundaries consisted of the targeted grains g1, g2, g3, g4,
g5, and g6 were taken as the Z-directional height probing points. Here, the nanorobot-based
Z-directional heights probing of grain boundary g1-g0-g4 in plane X-Z was regarded as an
example, seen from the dashed box in details. The probing positions b1, b, b2 and position e1,
e, and e2 were individually selected as the sample probing positions on the adjacent grain g1
and grain g4 along the X direction, with a horizontal equidistance of 1 μm. Assuming that
the distance l1 = 1 μm, Z-directional relative vertical height difference h1 can be acquired
by probing position b and b1 in sequence. As a result, it can be deduced to obtain the
hypotenuse length as a part of grain boundary using the trigonometric geometric relation
assumed by magnification. Similarly, after the position b2 has been probed by the nanorobot,
partial nonlinear grain boundary length, which can be regarded as a projected length with
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oblique angle of grain boundary interfacial layer, can be drawn by Z-dimensional heights
at position b1, b, and b2. It is then reasonable to demonstrate that the probing process of
Z-directional heights probed at g2-g0-g6 and g3-g0-g5 in plane Y-Z are similar with that in
plane X-Z.

After the grain boundary profile data in plane X-Y were obtained, a model of irregular
length can be visually reconstructed by software to realize a virtual stereoscopic intuition
expression for the nonlinear length of inner grain boundary.

3. Results and discussion

In order to establish three-dimensional structure morphologies of nonlinear grain
boundaries, two-dimensional structures in plane X-Y need to be acquired first. After the
targeted grain boundaries have been imaged by SEM, two-dimensional profile structure
projections of multiple interface layers can be obtained in plane X-Y, as shown in Figure 2.
It can be easily observed that grain boundary length structures projections in plane X-Y
can be constructed by the targeted six grains, i.e., g1, g2, g3, g4, g5, and g6. Thus, relative
positions away from the central grain g0 were uniquely identified at the two-dimensional
plane. It can be apparent to demonstrate that profile structures of grain boundaries in
the two-dimensional plane present the characteristics of irregular shapes and unequal
lengths. However, two-dimensional profile structures may be simplified to different shapes
composed by straight lines and arc shapes.

 

Figure 2. Two-dimensional projections of the contour structure length of the grain boundary interface
layer in plane X-Y.

It is worthy of note that it is an assumption to take the contour line of each grain to be
considered as the relative uniform thickness of the grain boundary interface. In fact, the
thickness of the grain boundary interface layer may vary in different orientations.

It can be further confirmed that grain boundary profile structures can be regarded as
the nonlinear expression existing in a two-dimensional plane with irregular and unequal
lengths. Furthermore, it can be envisioned that the grain boundary interface layer may
exist nonlinearly in three dimensions.

In order to quantify the micromorphology of a grain boundary in plane X-Y, Z-
directional height probing of the targeted grain positions along plane X-Z and plane
Y-Z profiles can be performed using a nanorobot end probe.

As shown in Figure 3, Z-directional relative heights of three positions on adjacent
grains can be individually probed by a nanorobot along plane X-Z and plane Y-Z profiles at
equal distances. Figure 3a illustrates the projection drawing of Z-direction relative height
differences of g1 and g4 relative to g0 along the X direction. Probing positions on g1 are
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individually represented as b1, b, and b2, and Lb1b = Lbb2 = 1 μm along the X direction.
Additionally, probing positions on g4 are individually represented as e1, e, and e2, and
Le1e = Lee2 = 1 μm along the X direction. Correspondingly, Figure 3b illustrates the projection
drawing of Z-direction relative height differences of g2 and g6 relative to g0 along the Y
direction. Probing positions on g2 are c1, c, and c2, where Lc1c = Lcc2 = 1 μm along the Y
direction. Additionally, probing positions on g6 are h1, h, and h2, and where Lh1h = Lhh2 = 1 μm
along the Y direction. Figure 3c illustrates the projection drawing of Z-direction relative
height differences of g3 and g5 relative to g0 along the Y direction. Probing positions on
g3 are d1, d, and d2, where Ld1d = Ldd2 = 1 μm along the Y direction. Additionally, probing
positions on g5 are f 1, f, and f 2, where Lf1f = Lff2 = 1 μm along the Y direction.

 

Figure 3. Z-directional relative heights of three positions on adjacent grains individually probed by
nanorobot along plane X-Z and plane Y-Z profile at equal distances. (a) A projection drawing of
Z-direction relative height differences of g1 and g4 relative to g0 along the X direction. (b) Projection
drawing of Z-direction relative height differences of g2 and g6 relative to g0 along the Y direction.
(c) Projection drawing of Z-direction relative height differences of g3 and g5 relative to g0 along
the Y direction.

After local micro-area Z-directional micromorphology of the targeted grains in plane
X-Y have been probed by nanorobot, Z-dimensional relative height differences at different
probing positions can be obtained by comparing with grain g0. Specifically, viewed from
Figure 3a, Z-directional relative height differences of three equidistant probing positions b1,
b, b2 on g1 and e1, e, e2 on g4 relative to g0 are −2.3 μm, −2.1 μm, −2.0 μm, and −8.8 μm,
−8.7 μm, −8.5 μm, respectively. Viewed from Figure 3b, Z-directional relative height
differences of three equidistant probing positions c1, c, c2 on g2 and h1, h, h2 on g6 relative
to g0 are −6.8 μm, −6.9 μm, −7.0 μm and −3.56 μm, −3.5 μm, −3.44 μm, respectively.
Viewed from Figure 3c, Z-directional relative height differences of three equidistant probing
positions d1, d, d2 on g3 and f 1, f, f 2 on g5 relative to g0 are −5.0 μm, −5.2 μm, −5.4 μm
and −2.86 μm, −2.9 μm, and −2.93 μm, respectively. Consequently, Z-directional relative
height differences at the local grain boundary interface in plane X-Y can be drawn by
nanorobot probing at the same equidistant positions on each grain surface.

Viewed from height data obtained by nanorobot Z-directional probing of different
positions in plane X-Y, grain boundary lengths can present irregular and non-flat condi-
tions, possessing unequal expressions along three-dimensional directions. Grain boundary
lengths in plane X-Y, constructed by grains g1, g4, and g6 away from the targeted grain
g0, present a trend of relatively gradually increasing behavior. On the contrary, grain
boundary lengths constructed by grains g2, g3, and g5 present a trend of relatively gradually
decreasing behavior. By performing Z-directional nano-probing of adjacent grain surfaces,
it is demonstrated that grain shapes can be regarded as irregular characteristics. As a
result, three-dimensional nonlinear grain boundaries can also be verified. This method
proves that it is effective to characterize three-dimensional length structures of nonlinear
polycrystalline grain boundaries using a nanorobot in SEM. It can also make up for the
nonlinear morphologies of three-dimensional grain boundaries in bulk ZnO.
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Furthermore, SEM imaging combined with robotic Z-directional nano-probing can
be utilized to exhibit different internal topographical features of three-dimensional grain
boundaries in a micro area of bulk ZnO. Furthermore, it can be used to guide the im-
provement of composition proportion and synthesis process of bulk ZnO so as to achieve
the purpose of improving the macroscopic properties of bulk ZnO by constructing three-
dimensional grain boundary morphology.

Correspondingly, a map of local nonlinear lengths of different grain boundary interface
layers can be virtually reconstructed, as illustrated in Figure 4. Obviously, the grain bound-
ary interface layer length of each grain possesses a different counter shape. Therefore, it can
be deduced that the irregular nonlinear grain boundary length may play a key role in the
expression of macro conductance characteristics, which can extend the influences of grain
boundary thickness along the depth direction. It is further verified from a nonlinear virtual
reconstruction map that an approach of SEM coupled with nanorobots for characterization
of micro-area grain boundary lengths is feasible. A virtual reconstruction of the local micro-
area of three-dimensional grain boundary length structures can be adopted to interpret the
nonlinear electrical characteristics expression of macro bulk polycrystalline ZnO.

Figure 4. Virtual reconstruction map of local nonlinear lengths of grain boundary interface layers.

It is worth emphasizing that relative heights probed individually along plane X-Z
and plane Y-Z can be further utilized to illustrate nonlinear height differences of grain
boundary interface lengths. It is further envisioned that if all of the real relative heights
of grain boundary interfaces could be quantitatively probed using a nanorobot in plane
X-Y, nonlinear grain boundary lengths may be theoretically virtually reconstructed in
details. Furthermore, the method can be advanced to accomplish three-dimensional lengths
division of grain boundaries, which can potentially provide a unique way to realize the
nonlinear mapping characterization of grain boundary length and electrical properties.

Additionally, this proposed method can be utilized to try to address the technological
difficulties using isometric brick divisions of grain boundaries. Furthermore, the method
can also obtain nonlinear quantitative topographies to divide grain boundaries to uneven
structure in property analysis of bulk polycrystalline materials.

As for potential applications, this proposed characterization method can be further
utilized to guide a technical improvement of polycrystalline materials synthesis, which can
have positive effects on the material composition ratio and processing technology.

4. Conclusions

Aiming at the problem of lack of three-dimensional morphology for nonlinear char-
acterization of a grain boundary to address isometric brick divisions, an approach of
three-dimensional length characterization of grain boundary morphology can be proposed
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under SEM using a nanorobot to accomplish local micro-area nonlinear structure characteri-
zation in bulk polycrystalline ZnO. Experiments demonstrate that it is feasible for structure
characterization and the reconstruction of the nonlinear length of three-dimensional grain
boundaries in bulk materials. It can be further confirmed that grain boundary profile
structures can be regarded as the nonlinear expression existing in a two-dimensional plane
with irregular and unequal lengths. Nanorobot-based micro-area Z-dimensional relative
vertical differences can be utilized to verify that nonlinear and irregular structure charac-
teristics exist in bulk materials. They can also make up for the nonlinear morphologies
of three-dimensional grain boundaries in bulk ZnO. It can be deduced that the irregular
nonlinear grain boundary length may play a key role in the expression of macro conduc-
tance characteristics, which can extend the influences of grain boundary thickness along the
depth direction. Virtual reconstruction of local micro-area grain boundary length structures
can be adopted to interpret the nonlinear electrical characteristics expression of macro bulk
polycrystalline ZnO. Furthermore, it can be advanced to accomplish three-dimensional
lengths division of grain boundaries, which can potentially provide a unique way to realize
the nonlinear mapping characterization of grain boundary length and electrical properties.
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Abstract: A broadband thin film plasmonic metamaterial absorber nanostructure that operates in the
frequency range from 100 GHz to 1000 GHz is introduced and analyzed in this paper. The structure
consists of three layers: a 200 nm thick gold layer that represents the ground plate (back reflector), a
dielectric substrate, and an array of metallic nanorods. A parametric study is conducted to optimize
the structure based on its absorption property using different materials, gold (Au), aluminum (Al),
and combined Au, and Al for the nanorods. The effect of different dielectric substrates on the
absorption is examined using silicon dioxide (SiO2), aluminum oxide (Al2O3), titanium dioxide
(TiO2), and a combination of these three materials. This was followed by the analysis of the effect
of the distribution of Al, and Au nanorods and their dimensions on the absorption. The zinc oxide
(ZnO) layer is added as a substrate on top of the Au layer to enhance the absorption in the microwave
range. The optimized structure achieved more than 80% absorption in the ranges 100–280 GHz,
530–740 GHz and 800–1000 GHz. The minimum optimized absorption is more than 65% in the range
100 GHz to 1000 GHz.

Keywords: electromagnetic absorbers; metamaterial absorbers; SiO2; Al2O3; TiO2; ZnO; microwave
absorbers; plasmonic metamaterial absorbers; absorption spectrum; FDTD

1. Introduction

Recently, electromagnetic wave absorbers (EMAs) have attracted researchers’ intertest
due to their varied applications in the field of energy harvesting, avion stealth, sensing
as well as suppressing the increasing electromagnetic radiations from electronic devices
everywhere around us.

Classical EMAs depend on multireflection and interference of electromagnetic waves
and could be divided into three types: Salisbury absorbers, Jaumann absorbers, and circuit
analog absorbers. Salisbury absorbers consist of a metal plate separated from a resistive
sheet by a dielectric material of a quarter wavelength thickness [1–3]. The interference
between the reflected wave from the bottom metal plate and the upper resistive sheet is
destructive and hence, the EM wave is trapped, and the energy is dissipated in the resistive
sheet. Jaumann absorbers use the same concept as the Salisbury absorbers, but Jaumann
absorbers use more than one resistive sheet to broaden the absorption bandwidth (BW) of
the device [4,5]. The analog circuit absorbers’ design is the same as Salisbury absorbers’
design but with the top resistive sheet replaced by a periodic top metallic reactive surface
that makes the analog circuit absorbers frequency selective absorbers [6,7]. The main
disadvantage of the three types of classical absorbers is the need of a dielectric material of
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quarter wavelength thickness that makes the absorbing device bulky, with limited design
flexibility which in turn limits its applicability.

To overcome the drawbacks of classical EMAs, researchers focused on developing new
absorbers with thin thickness, light weight, and tunable absorption. In 2008, the first perfect
metamaterial absorber (MMA) was proposed by Landy. The unit cell of Landy’s absorber
consists of two standard split ring resonators connected by an inductive ring parallel to
the split wire with a thin dielectric material between them [8]. Generally, MMAs consist
of three main layers: ground metal plane, dielectric substrate, and a top metallic periodic
patch. The thickness of dielectric layer can be tailored to be much less than the wavelength
of the incident electromagnetic wave. Research in the field of EMAs has been accelerated
after Landy’s perfect absorber due to the prospective applications of the EMAs such as
solar energy harvesting, stealth, biological sensors, refractive index sensors, photodetection,
photovoltaic devices, and optical switches [9–17].

EMAs can be structured to absorb EM waves in the spectrum range from microwave to
visible region. Y. Cheng et al. have reported a metamaterial absorber composed of a single
closed-meander-wire resonator structure placed over a metal ground plane separated by a
dielectric substrate. They obtained about 90% absorption at different resonance frequencies
in the range from 4 to 12 GHz, but this MMA is not suitable for wide bandwidth appli-
cations [18]. Using a periodic array of indium tin oxide (ITO) film sandwiched between
two polyvinyl chloride layers, Q. Zhou et al. have designed a metamaterial microwave ab-
sorber that achieved 90% absorption in the narrow range from 8 to 18 GHz [19]. S. Lai et al.
have proposed an MMA with ITO as the top resonance structure array layer, glass as the
medium layer, and another ITO as the bottom ground layer. They achieved more than 80%
absorption from 15.6 to 39 GHz [20]. J. Ning et al. designed an MMA that operates in the
range from 0.4 to 1 GHz with 90% absorption as well, using magnetic nanomaterial and
a varactor [21]. Md. Hossain has reported 99.7% to 99.9% EM wave absorption at triple
frequencies 5.37, 10.32, and 12.25 GHz using MMA consisting of two split ring copper
resonators separated by a dielectric layer [22]. All of these microwave MMAs have a very
narrow bandwidth and operate over a narrow range of frequencies.

Recently, thin film MMAs use localized surface plasmon polaritons (LSPPs) to re-
alize small size thin absorber in visible, infrared, and terahertz ranges of the spectrum.
W. guo et al. reported infrared MMA using two gold (Au) metallic layers and ZnS dielectric
layer sandwiched between them. They got absorption that exceeded 90% in the range
from 7.8 to 12.1 μm. The absorption range is enlarged (5.3 to 13.7 μm) by using double
Au-ZnS-Au layers on the top of each other but with only 80% absorption [23]. Terahertz
plasmonic MMA is reported by Y. Kang et al. using an Au substrate followed by a dielectric
material of a dielectric constant of 1.96, with an Au cylinder on the top of the dielectric layer.
They obtained two 99% absorption peaks at 275 and 440 THz [24]. Using a ground Au plate,
and an array of Au resonators on top of silicon dioxide (SiO2) substrate, D. Katrodiya et al.
have achieved metamaterial broadband solar absorber with an average of 89.79% absorp-
tion in the frequency range from 155 to 1595 THz [25]. These reported plasmonic MMAs
showed high performance in the infrared and terahertz ranges but suffer from degraded
performance in the microwave range.

There is an interest in ZnO driven by its prospects in optoelectronics applications
owing to its unique properties such as direct wide band gap Eg~3.3 eV at 300 K. It has been
widely known as a versatile material for its different applications in the production of green,
blue-ultraviolet, and white light-emitting devices, electronics, and optoelectronics devices.
Furthermore, ZnO is known for its strong luminescence in the green–white region of the
spectrum, strong sensitivity of surface conductivity to the presence of adsorbed species,
and high thermal conductivity. The n-type conductivity of ZnO makes it appropriate for
different applications such as metamaterial absorbers [26,27]. On the other hand, SiO2
is a material of considerable technological importance due to its wide applications in
electronics and optoelectronics devices, with a very wide bandgap of 9.6 eV [28]. TiO2, has
been widely investigated in environmental and energy research, due to its wide bandgap
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of 3.2 eV, which allows it to absorb the UV light [29]. The combination of these materials
will play a vital role in affecting the impedance of the proposed metamaterial absorber.

In this work, we introduced an enhanced broadband thin film plasmonic MMA that
operates in the frequency range from 100 to 1000 GHz. An absorption above 80% is obtained
in the range from 700 to 1000 GHz, while it fluctuates between 60% and 80% in the range
below 700 GHz. This proposed absorber is found to be insensitive to light polarization
and the direction of incident light. The paper is organized as follows: first, the proposed
design of the plasmonic MMA is presented; then the simulation results are illustrated and
discussed which yields to an optimized MMA design. Finally, the conclusion summarizes
the process and the results of this research.

2. Proposed Structure Design and Its Operation Principle

The typical thin film MMA structure has been adopted in this research, which consists
of three layers: a metallic Au ground square plate of 200 nm thickness and cross section
area of 1 × 104 nm2, a 4 × 4 array of metallic equally spaced nanorods of height h = 50 nm
and radius r = 60 nm, and a dielectric substrate of height h1 = 60 nm sandwiched between
the ground plate and the metallic rods. The schematic diagram of the adopted structure
is shown in Figure 1. The gold ground plate acts as a back reflector layer that is used
to enhance light trapping and reflects the transmitted light to the structure for more
light absorption [30,31]. The spacing (X) between any two successive nanorods could be
calculated as:

X =
L

4
− 2r (1)

where L is the side length of the square ground metallic plate, and r is the radius of the
nanorod. The distance between the center of the outer rod and the edge of the unit cell is
assumed X/2.

Figure 1. Schematic diagram of the adopted typical MMA structure.

The principle of operation of MMAs depends on resonance. When an electromagnetic
wave at a resonance frequency coincides on the MMA, a pair of anti-parallel oscillating
currents are induced in the ground metallic layer and the upper metallic nanorods so, a
magnetic resonance is established. Moreover, local surface plasmons are generated at the
resonance wavelength, and electric resonance is established between the ground metallic
layer and the nanorods. Absorption is a result of this resonance, as the electromagnetic
wave will be confined in the MMA unit cell and electromagnetic power at the resonance

51



Crystals 2022, 12, 1334

frequency is consumed due to losses in the metallic layer and dielectric layer [8,32,33].
Absorptance (A(f)) of the MMA could be calculated from the relation [34]:

A(f) = 1 − R(f)− T(f) (2)

where R(f) and T(f) are the reflectance and transmittance of the absorber, respectively. The
reflectance and transmittance could be calculated from the reflection coefficient (S11), and
transmission coefficient (S21):

R(f) = |S11|2 (3)

T(f) = |S21|2 (4)

Due to the back reflector metallic ground layer, the transmission coefficient is zero and
hence, the absorptance A(f) is given by:

A(f) = 1 − |S11|2 (5)

The absorptance depends on the input impedance of the MMA structure, and is given
by [20]:

A(f) = 1−
∣∣∣∣Zin(f) − Zo

Zin(f) + Zo

∣∣∣∣ (6)

where Zin is the input impedance of the MMA structure, and Z0 = 377 Ω is the free space
impedance. At resonance, the input impedance is matched to the free space impedance, so
perfect absorption occurs at the resonance frequency.

Plasmonic nanorods distributed on the substrate layer change the absorbed optical
power inside the proposed structure, the absorption depends on the maximum reflectivity.
Nanorod shape and size are the main parameters that affect the absorbed optical power in
addition to the relative permittivity of the plasmonic nanorods and dielectric constant of the
surrounding medium [35]. The maximum absorption occurred at the wavelength known
as λmax, the maximum peak of the wavelength, which can be calculated using Equation (7).

λmax =
P

n

(
εnεm(λmax)

εm + εn(λmax)

)1/2

(7)

where (εm) is the permittivity of the surrounding medium, (εn) is the plasmonic nanorod
dielectric constant at corresponding (λmax), (n) is an integer and (P) is the periodicity of
the structural.

Hence, the plasmonic nanorod dielectric permittivity can be calculated using a multi-
oscillator Drude-Lorentz model [35] as shown in Equation (8):

εn = ε∞ − ω2
D

ω2 + jωγD
−

6

∑
Y = 1

δkω
2
k

ω2−ω2
k + 2jωγk

(8)

where (ε∞) is the nanorod high-frequency dielectric permittivity, (ωD) is the plasma fre-
quency of the free electrons, (γD) is the collision frequency of the free electrons, (δk) is the
amplitude of Lorentz oscillator, (ωk) is the resonance angular frequencies and (γk) is the
damping constants for (Y) value from 1 to 6.

To calculate the absorbed power, the refractive indexes of all used material are given
as follows; TiO2 follows the Devore model [36], however, the value for silicon dioxide is a
function of the wavelength and follows Aspnes and Studna model [37], and the refractive
index of zinc oxide is considered as given by Kaur et al. [38]. On the other hand, the
refractive index of different plasmonic materials is summarized using Equation (8) in
Table 1 [39]. The dielectric constants of the used materials are shown in Figures A1–A4 in
Appendix A.
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Table 1. Plasmonic parameters which are used for the metallic materials.

Material Term Strength Plasma Frequency
Resonant

Frequency
Damping
Frequency

Au

0 0.7600 0.137188 × 1017 0.000000 × 100 0.805202 × 1014

1 0.0240 0.137188 × 1017 0.630488 × 1015 0.366139 × 1015

2 0.0100 0.137188 × 1017 0.126098 × 1016 0.524141 × 1015

3 0.0710 0.137188 × 1017 0.451065 × 1016 0.132175 × 1016

4 0.6010 0.137188 × 1017 0.653885 × 1016 0.378901 × 1016

5 4.3840 0.137188 × 1017 0.202364 × 1017 0.336362 × 1016

Al

0 0.5230 0.227583 × 1017 0.000000 × 100 0.714047 × 1014

1 0.2270 0.227583 × 1017 0.246118 × 1015 0.505910 × 1015

2 0.0500 0.227583 × 1017 0.234572 × 1016 0.474006 × 1015

3 0.1660 0.227583 × 1017 0.274680 × 1016 0.205251 × 1016

4 0.0300 0.227583 × 1017 0.527635 × 1016 0.513810 × 1016

The proposed structure is analyzed and optimized using an electromagnetic wave
solver, Lumerical Finite Difference Time Domain (FDTD) solutions software. In the sim-
ulation of a unit cell, the boundary conditions are considered as a periodic structure in
x and y directions, and the layers are perfectly matched in z-direction. A plane wave source
with a frequency band 100–1000 GHz is used as a light source, and the minimum mesh
size is 0.5 nm in all directions with an offset time of 7.5 fs is used for the light source. The
absorption of the structure is measured at different frequencies.

3. Results and Discussion

In this section, the adopted MMA structure depicted in Figure 1 is optimized to
maximize the absorption of the device over a broad spectral band from 100 to 1000 GHz.
First, the absorption of the MMA is measured using Lumerical FDTD solution software for
different rod materials, then the dielectric substrate material is optimized, and finally, the
geometric dimensions of the rod are optimized.

3.1. Effect of the Rod Material on the Absorption of the MMA

The MMA is simulated for different nanorod materials to elect the material that
maximizes the absorption. Figure 2 shows the absorption of the MMA, with SiO2 dielectric
substrate, measured when all nanorods are made from gold, and Aluminum. Furthermore,
the absorption is measured when the nanorods are arranged such that aluminum and
gold rows are alternating as shown in Figure 3. The height and radius of the nanorods are
h = 50 nm and radius r = 60 nm, respectively, and the height of the dielectric substrate is
chosen as h1 = 60 nm. It is clear from Figure 2 that the absorber with Au nanorods has
better absorption than the absorber with Al nanorods in high frequency range from 600 to
1000 GHz, while the opposite behavior is observed in the lower frequency range from 300
to 600 GHz. Using alternating rows of Au, and Al, the absorption is somewhere between
that of the two cases.

The absorption of the MMA depends on the material of the nanorods as the resonance
frequency depends on the current generated in the metallic nanorods and the generated
plasmons which depend on the material. Additionally, according to the RLC model of
the MMA, absorption depends on the losses in the dielectric material and ohmic losses
of the nanorods [40]. The average absorptions in the three cases are calculated by finding
the area under each curve divided by the frequency span (1000–100 GHz). The obtained
average absorption values are 72.09%, 69.94%, and 73.56% in case of Au nanorods, Al
nanorods, and alternating rows of Au and Al nanorods, respectively. Hence, the design of
the typical structure is modified to that shown in Figure 3 with alternating rows of Au, and
Al nanorods.
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Figure 2. Absorption of the MMA structure.

 
Figure 3. Schematic diagram of the MMA structure with alternating rows of Au, and Al.

3.2. Effect of the Dielectric Substrate Material on the Absorption of the MMA

The absorption of the modified MMA structure shown in Figure 3 is investigated with
different dielectric substrate materials of 60 nm fixed thickness. The dimensions of each
nanorod in the alternating rows of Au, Al are fixed to h = 50 nm and radius r = 60 nm.
Figure 4 shows the absorption of the MMA structure, with Al2O3, SiO2, and TiO2 substrates.
The absorption of the MMA with SiO2 substrate is the highest in the longer frequency
ranging from 600 to 1000 GHz, while the MMA absorber with TiO2 substrate has the worst
absorption over this frequency range. The maximum absorption using SiO2 substrate
exceeds 95%, but the MMA with TiO2 substrate has the best absorption over the frequency
range below 450 GHz with 96% absorption peak at 363 GHz, and another 92% peak at
423 GHz. According to Equation (6), the absorption of the MMA depends on the input
impedance of the absorber, which depends on the permittivity, permeability, and refractive
index of the dielectric substrate [21].
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Figure 4. Absorption of the modified structure using different dielectric substrate materials.

The average power absorbed by the MMA is calculated from the obtained absorption
spectrum and the absorbed power is 73.6%, 71%, and 70% for SiO2, Al2O3, and TiO2
dielectric substrates, respectively.

As MMAs with SiO2, or Al2O3, give a high absorption in the frequency range above
600 GHz, and MMA with TiO2 substrate has its peak absorption in the frequency range
below 450 GHz, in the next stage, the absorption of the absorber is investigated with
multi-dielectric layers substrate, as shown in Figure 5.

  
(a) (b) 

Figure 5. Modified MMA substrate with multi-dielectric layers substrate: (a) Two substrates on top
of each other; (b) two side-by-side substrates.

The performance of the absorber is investigated in two cases. The first case is shown in
Figure 5a, where the two substrates are on top of each other, while in the second case shown
in Figure 5b, the dielectric substrates are side-by-side, each sharing 50% of the ground plate
area. All combinations of SiO2, Al2O3, and TiO2 dielectric substrates are tested to elect the
substrate that will give better absorption over a wider band. The absorption of the MMA
for the first case is shown in Figure 6a, and for second case is shown in Figure 6b. The
difference in the absorption of the absorber between case 1 and case 2 is because of the
different overall equivalent capacitance of the absorber which in turn changes the input
impedance of the absorber and affects its absorption. The minimum absorption, maximum
absorption and average absorption are listed in Table 2.

55



Crystals 2022, 12, 1334

 
(a) (b) 

Figure 6. Absorption of the multi-dielectric layers MMA structure: (a) Two dielectric layers on top of
each other; (b) Two side-by-side dielectric layers.

Table 2. Absorption for different dielectric substrates.

Dielectric Substrate
Material

Minimum Absorption Maximum Absorption Average Absorption

Single dielectric layer

SiO2 37.6% 90.8% 73.6%

Al2O3 39.4% 91.4% 71.0%

TiO2 43.7% 96.1% 70.0%

Multi-dielectric layers
on top of each other
(The first one is the

upper layer)

TiO2-SiO2 33.2% 99.0% 69.8%

TiO2-Al2O3 33.7% 97.7% 71.0%

SiO2-TiO2 36.3% 93.5% 72.4%

SiO2-Al2O3 37.3% 97.7% 72.7%

Al2O3-TiO2 35.6% 94.7% 72.7%

Al2O3-SiO2 38.5% 96.4% 67.4%

Side-by-side
multi-dielectric layers

TiO2-SiO2 54.8% 92.7% 71.6%

Al2O3-SiO2 41.5% 92.7% 71.5%

TiO2-Al2O3 52.6% 93.3% 73.4%

The calculated data presented in Table 1 shows that the absorption of the device is
affected by the position of the dielectric layer, and the highest absorption is achieved when
the multi-dielectric layers are TiO2-SiO2 with SiO2 is the bottom layer. It’s reported that
when the top layer is a strong absorber, then the overall absorption of the whole device
increases. Small reflection coefficient (S11) of the top layer is a crucial requirement [41].
Furthermore, the minimum absorption is enhanced from 37.6%, and 43.7% in case of single
SiO2, and single TiO2 layer, respectively, to 54.8% when side-by-side TiO2-SiO2 layers are
used. This means that the minimum absorption increases by a factor between 25.4% and
46%. Hence, the TiO2-SiO2 side-by-side multi-dielectric layers structure with 71.6% average
absorption is elected for further enhancement.

3.3. Effect of the Au, Al Array Distribution and Rod Dimensions on the Absorption of the MMA

The structure is modified for further investigation, the nanorod distribution is changed
from the alternating rows of nanorods shown in Figure 5b to alternating Au, Al nanorods,
so each nanorod is surrounded by four nanorods of the other material as shown in Figure 7.
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The absorption of the structure is shown in Figure 8. As an effect of the new nanorods
distribution, average power absorption is elevated to 75.7%, the maximum absorption is
increased to 94.2%, while the minimum absorption becomes 59.3%.

 
Figure 7. MMA side-by-side multi-dielectric layers structure with alternating nanorods distribution.

Figure 8. Absorption of the side-by-side multi-dielectric layers MMA structure with alternating rows
of nanorods and alternating nanorods.

The distribution of the nanorods changes the distribution of the local surface plasmons
induced which affects the electric field in the dielectric material. The absorption of the
electromagnetic wave in the dielectric material depends on the magnitude squared (|E|2)
of the electric field, which is strongly affected by the design of the structure.

The effect of the radius of the nanorods on the absorption of the MMA is investigated.
The radius of the alternating Au, Al nanorods is changed from 40 to 70 nm, while the rod
height is fixed to 50 nm, and the absorption is measured in each case. The obtained results
are shown in Figure 9a. The effect of the radius is neglected as the maximum absorption is
about 94% for all cases and the minimum absorption is between 59.3% and 60%. Moreover,
there is a small variation in average absorbed power between 76% and 77%. In addition,
the nanorod height is changed from 50 to 80 nm to be optimized. The absorption decreased
to almost zero around 400 GHz with nanorods of height 70 nm and 80 nm and increased
at the same frequency to 95% with nanorods of height 50 nm then decreased to 55% at
300 GHz, as illustrated in Figure 9b. The optimum nanorod radius and height are 50 nm
and 60 nm, respectively.
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(a) (b) 

Figure 9. Absorption of the side-by-side multi-dielectric layers MMA structure with alternating
nanorods with: (a) varying radius from 40 to 70 nm; (b) varying heights from 50 to 80 nm.

Finally, a ZnO layer of different thicknesses, 40–70nm, is added on top of the Au
ground plate. Recently, ZnO is used to increase the interaction of incident electromagnetic
waves and the substrate dielectric layer and thus increase the absorption of the MMA over
the operating frequency range [42]. The measured absorption without the ZnO layer and
with the ZnO layer of different thicknesses is shown in Figure 10. Adding ZnO layer slightly
increases the maximum absorption as illustrated in Table 3. According to the following
optimization steps, the optimized structure is shown in Figure 11, where a ZnO layer of
thickness 60 nm is added on top of the back reflector. Hence, the optimum design gives
an average absorption of 84%, minimum absorption of 65.9% and maximum absorption
of 100%.

Figure 10. Effect of adding ZnO layer with different thicknesses, 40–70 nm, on the absorption of
the absorber.

The enhanced absorption is illustrated in Figure 12 when the ZnO layer is grown on
top of the Au layer and used as a base for TiO2-SiO2 materials. The absorption is more
than 80% in three different regions, 100–280 GHz, 530–740 GHz and 800–1000 GHz, which
represent almost 95% of the band. On the other hand, the obtained absorption is more than
65% in the range from 100 GHz to 1000 GHz.
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Table 3. Absorption for different dielectric substrates.

ZnO Layer
Thickness

Minimum
Absorption

Maximum
Absorption

Average Absorption

Without ZnO layer 59.3% 94.0% 77.0%
h3 = 40 nm 60.0% 95.7% 83.3%
h3 = 50 nm 55.5% 94.9% 83.5%
h3 = 60 nm 65.9% 100% 84.0%
h3 = 70 nm 62.4% 95.1% 82.1%

 
Figure 11. MMA side-by-side multi-dielectric layers structure with alternating nanorods distributed
on ZnO substrate.

Figure 12. The optimum absorption is more than 65% in the range 100–1000 GHz, and with 65.5% of
the band over 80% absorption.

The electric field and magnetic field distributions and absorbed optical power are
shown in Figure 13 at three different frequencies (230, 450, and 700 GHz). At 450 GHz,
there is an electric and magnetic resonance in the TiO2 layer where the maximum power is
absorbed. On the other hand, at 700 GHz, the electric and magnetic field resonance occurs
in the SiO2 and the ZnO layer where the maximum power absorption takes place. Moreover,
some power is absorbed by the plasmonic nanorods. The effect the ZnO layer is clear at
700 GHz, as the absorbed power increased due the power absorbed in the ZnO layer. At
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450 GHz, where one minimum absorption occurs, Figure 13 shows that no resonance occurs
at this frequency which leads to minimum power absorption shown at this frequency.

Frequency 230 GHz 450 GHz 700 GHz 

Absorbed 
power 

   

Electric 
Field 

   

Magnetic 
Field 

Figure 13. Absorbed optical power, electric field distribution, and magnetic field distribution in the
proposed MMA structure at different frequencies.

3.4. Effect of the Incidence Angle and Light Polarization on the Absorption of the MMA

The direction of the incident light and its polarization play an important role in the
performance the MMA, so this effect is investigated in this section. Figure 14 shows the
absorption of the MMA for different incident angles ranging from 0◦ (normal incidence) to
70◦ in a step of 10◦. Changing the incidence angle, slightly alters the performance of the
absorber with some ripples are observed in the absorbed power. The minimum, maximum,
and average power absorbed at different angles are shown in Table 4. The maximum
absorbed power changes over a range from 100% to 98.6% which represents a 1.4% decrease
in maximum absorption. While the average absorption changes from 84% to 93.3% (about
11% increase), the minimum absorption increases from 65.9% to 78.4% at 50◦. Practically,
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the incident wave is far away from the object and angular stability over a 30◦ range is
enough to ensure absorber stability [20].

Figure 14. Absorption of the proposed optimized MMA structure for different incident angles.

Table 4. Absorption for different values of incident angle.

θ = 0◦ Minimum
Absorption

Maximum
Absorption

Average Absorption

Direct 65.9% 100% 84%
10◦ 61.8% 99.1% 86.9%
20◦ 70.3% 98.8% 89.9%
30◦ 72.1% 98.6% 92.1%
40◦ 77.5% 98.8% 93.3%
50◦ 78.4% 99.1% 93.3%
60◦ 63.4% 99.1% 91.5%
70◦ 45% 98.8% 84.5%

The effect of light polarization is investigated by changing the direction of light
polarization angle from 0◦ to 90◦ in a step of 15◦, as shown in Figure 15. Due to the
symmetry of the proposed structure, light polarization has no effect on the absorbed power.
The effect of light polarization is then investigated for oblique incidence case where the
incident angle is 30◦ and the obtained absorption is shown in Figure 16. It is clear from
Figure 16 that the proposed structure is insensitive to light polarization in oblique incidence
as well.
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Figure 15. Absorption of the proposed optimized MMA structure for different light polarization at
normal incidence.

Figure 16. Absorption of the proposed optimized MMA structure for different light polarization at
oblique incidence (θ = 30◦).

The development of a broadband MMA operating in the wide range of the spectrum
has been challenging until now, but comparing our results with the recently reported MMAs
shows that the proposed MMA in this work has larger broadband, from 100 to 1000 GHz,
with high maximum absorption 100%. The comparison of the absorber’s performance is
listed in Table 5.
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Table 5. Comparison of the MMA performance with recently reported MMAs.

Related Work
Operating

Frequency Range
Maximum

Absorption
Technique

Ref. [43] 25–37.5 THz 87% Ti/Ge/Si3N4/Ti metamaterial structure
Ref. [44] 6–16 GHZ Exceeds 80% Metallic strips fabricated with lumped resistors on a FR-4 substrate

Ref. [45]
0.79–20.9 GHz

and
25.1–40 GHz

90% Magnetic absorbing material and a multi-layered meta-structure

Ref. [46] 4.2–7.4 THz 98.21% Split gold and graphene rings over a dielectric and gold plate.
Ref. [47] 7.22–8.84 GHz 90% Asymmetric section resonator structure with different sizes.
Ref. [48] 10–17 GHz 90% Array of alternating copper, and FR-4 disks to form a conical frustum

Proposed structure 100–1000 GHz 100% Au nanorods/TiO2-SiO2/Au ground plate metamaterial structure

4. Conclusions

In this work, a metamaterial absorber structure with multi-dielectric layer is introduced.
The structure is optimized to maximize the absorption of the MMA and enhance the minimum
absorption of it using SiO2-TiO2 side-by-side multi-dielectric layer on top of a ground Au
plate, and an alternating Au, Al nanorods on the dielectric substrate. The ZnO layer is added
as a substrate on the top of Au back reflector to enhance the absorption. The MMA has an
average absorption of 84%%, a maximum absorption of 100%, and a minimum absorption of
about 65.9%. The optimized MMA is shown to have good angular stability as the effect of
the incident angle of the electromagnetic wave on the MMA absorption is so small and the
absorber is insensitive to polarization for both normal and oblique incidence conditions.
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Appendix A

The real part and imaginary part of the dielectric constant of the used materials are
in the material database of the Lumerical software. These dielectric constant values are
shown in Figures A1–A4 for Al2O3, SiO2, TiO2, and ZnO, respectively.

  
(a) (b) 

Figure A1. Dielectric constant of Al2O3: (a) The real part of the dielectric constant; (b) The imaginary
part of the dielectric constant.
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(a) (b) 

Figure A2. Dielectric constant of SiO2: (a) The real part of the dielectric constant; (b) The imaginary
part of the dielectric constant.

  
(a) (b) 

Figure A3. Dielectric constant of TiO2: (a) The real part of the dielectric constant; (b) The imaginary
part of the dielectric constant.

  
(a) (b) 

Figure A4. Dielectric constant of ZnO: (a) The real part of the dielectric constant; (b) The imaginary
part of the dielectric constant.
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Abstract: In this study, nanostructured ZnO arrays were synthesized by an accessible thermal oxi-
dation (TO) methodology. The Zn films were chemically etched with nitric acid (HNO3) and then
oxidized in a furnace at 500 ◦C for 5 h. Two different morphologies were achieved by modifying
the HNO3 concentration in the etching process: (a) ZnO grass-like nanostructures and (b) rod-like
nanostructures, with an etching process in HNO3 solution at 2 and 8 M concentration, respectively.
The physical and chemical properties of the samples were analyzed by X-ray diffraction (XRD),
scanning (SEM) and transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy
(EDS), and Raman spectroscopy. Both morphologies were functionalized with hemoglobin, and a
difference was found in the efficiency of functionalization, which was monitored by UV–Vis spec-
troscopy. The sample with the highest efficiency was the ZnO grass-like nanostructures. Afterward,
the capture of carbon dioxide was evaluated by monitoring a sodium carbonate solution interacting
with the as-functionalized samples. The evaluation was analyzed by UV–Vis spectroscopy and the
results showed a CO2 capture of 98.3% and 54% in 180 min for the ZnO grass-like and rod-like
nanostructures, respectively.

Keywords: ZnO cane-like nanostructures; ZnO grass-like nanostructures; CO2 physisorption; artificial
photosynthesis; thermal oxidation; carbon dioxide

1. Introduction

Today, energy production is still dominated by fossil-fuel-based power plants such
as thermoelectric stations, coal plants, or gas plants [1]. As a consequence, the energy
industry produces around 30 gigatons of carbon dioxide (CO2) emissions every year [2].
This has led to resource depletion, an increase in costs, and a severe negative environmental
impact as global temperatures increasingly rise, ice poles melt, and the number of forest
fires increases [3]. CO2 is considered the main cause of the greenhouse effect. In just one
century, it has managed to increase the planet’s temperature by 0.6 K. This temperature
increase has contributed to the most significant changes in the last two decades [4]. As the
Earth’s average temperature has increased, many consequences have appeared, such as the
rising sea level, promotion of ocean acidification, imbalance of ecosystems, and threats to
the life of the species that inhabit them [5]. In addition, great efforts have been made by the
scientific community to reduce and control CO2 emissions. Among the recent proposals,
CO2 capture has appeared as an alternative that takes advantage of the chemical nature
of this molecule to trap it on the surface of an active material [6]. CO2 capture constitutes
one step of the artificial photosynthesis (AP) process, which transforms the CO2 molecule
into products such as alcohols and light hydrocarbons, which constitute the current fuels
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employed by humans in small systems such as gas stoves and water heaters [7]. The AP
process comprises systems to convert solar energy into chemical energy [7]. This can be
achieved through different nanostructured materials that allow the absorption of light,
transportation of electrons, and capture and modification of CO2 molecules [8]. Thus,
proposals for the development of each step that conforms to the process of AP (such as
CO2 capture) are important, and each effort contributes to solving the problems that the
surplus of CO2 in the atmosphere has brought.

Zinc oxide (ZnO) is a widely studied semiconductor material. The ZnO has been
obtained as an array of micro- and nanostructures with modified chemical and physical
properties. These characteristics make it useful for applications such as gas sensors [9],
pressure sensors [10], photonic sensors [11], photodegradation of water pollutants [12,13],
optical material for high-power laser applications [14], a highly efficient catalyst for various
organic reactions [15], and for corrosion protection and self-cleaning for intelligent surface
development [16] or CO2 capture [17]. These previously mentioned applications are related
to the surface properties of ZnO. The electronic properties of ZnO allow the capture
of molecules such as CO2 [17]. Among the methodologies for obtaining ZnO, thermal
oxidation (TO) is an accessible technique that promotes modification of the surface due to
defects in induction- and atomic-restructuration-related processes [18,19]. Recently, the
chemical modification of the Zn surface before TO has become a useful tool to obtain
different ZnO morphologies with variations in chemical and physical surface properties in
a very accessible way [12,19].

Hemoglobin (Hb) is a molecule capable of transporting mainly O2 and CO2. This action
depends on factors such as the hydrogen potential (pH), partial pressure of oxygen (pO2),
and partial pressure of carbon dioxide (pCO2) [20]. At a high pH, Hb mainly transports
oxygen; however, at a low pH, Hb can transport 15% to 20% of the undissociated CO2 in
the blood. This transportation is achieved by binding the molecules to hemoglobin at the N
terminals of the chains through a reaction [10,21]. Thus, the Hb molecule can be combined
with semiconductor materials to promote CO2 capture. As ZnO has interesting surface
properties, which drive the many applications mentioned before, it is a great candidate to
serve as a base to be linked with Hb [22]. Even though ZnO has been functionalized with
many molecules in other studies that focused on CO2 capture (such as benzimidazole-based
ionic liquid [23], carbon nitride [24], and multiwalled carbon nanotubes and SiO2 [25]),
finding accessible methodologies for achieving a commercial device is a current need [26].
Furthermore, understanding the relationship between the morphology in an inorganic
material and the functionalization efficiency with an organic molecule is a topic of great
interest for many applications [27].

This paper presents a contribution to the development of accessible CO2 capture
materials by understanding the relationship between the surface properties of ZnO nanos-
tructures and the efficiency of functionalization with Hb. In this study, two kinds of ZnO
nanostructures were synthesized by etching treatment in nitric acid, followed by TO. After-
ward, the ZnO nanostructures were functionalized with a Hb molecule. The efficiency of
the Hb functionalization process was studied in each morphology by UV–Vis spectroscopy.
The CO2 capture was evaluated by monitoring the spectroscopic changes in carbonate
dilution across time. The influence of morphology on the surface properties of the ZnO
nanostructures was determined. In addition, the influence of ZnO morphology on the CO2
capture effectiveness was discussed.

2. Materials and Methods

2.1. Chemicals and Reagents

In this study, zinc foil (Zn, SKU: GF00595391, SIGMA-ALDRICH, USA) was used as a
substrate for the growth of ZnO. Nitric acid (HNO3, SKU: 225711-475ML, SIGMA-ALDRICH,
USA), hydrogen chloride (HCl, SKU: 17935-250ML, SIGMA-ALDRICH, USA), sodium car-
bonate (Na2CO3, SKU: 223484-500G, SIGMA-ALDRICH, USA), ethanol (CH3CH2OH, SKU:
1070179026, SIGMA-ALDRICH, USA), deionized water (Resistivity of 18 MΩ), ammonia
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(NH3, SKU: 294993, SIGMA-ALDRICH, USA), tetraethyl orthosilicate (TEOS, SKU: 333859,
SIGMA-ALDRICH, USA), and chromatographic nitrogen (N2) were commercially acquired
and used in the experiments without further purification processes.

2.2. Synthesis of the Nanostructured ZnO Array

The nanostructured ZnO arrays were obtained by the known thermal oxidation (TO)
methodology [12,19]. Two morphologies were selected from our past studies [19,28]:
(a) ZnO grass-like nanostructures and (b) cane-like nanostructures. To create the ZnO
grass-like nanostructures, the Zn film was cleaned in a HCl solution for 10 min to remove
organic pollutants attached to the surface of the Zn foil. Then, the Zn substrate was etched
into a 2 M HNO3 solution for 1 min. To create the ZnO rod-like nanostructures, the Zn foil
was cleaned in an HCl solution for 10 min, and was subsequently etched into an 8 M HNO3
solution for 1 min. In both cases, the samples were cleaned in deionized water after each
step and were immediately afterward dried by a N2 flux of 20 L/min. Afterward, the
samples were oxidized under a 20% of oxygen (weight) in the atmosphere at 500 ◦C. The
oxidation process was continued for 5 h by an isothermal process in a horizontal furnace.
After the oxidation process, the samples were rinsed using deionized water and dried
under a N2 flux.

2.3. Characterization of Physic and Chemical Properties

Once the samples were synthesized, the chemical and physical properties of the
samples were compared. The structural features were analyzed by X-ray diffraction (XRD)
by a Bruker D8 Eco Advance diffractometer. The excitation source was a copper tube
with Kα radiation (λ = 1.5418 Å). The achieved morphologies in the ZnO arrays were
studied by field-emission scanning electron microscopy (FESEM). The electron microscopy
was a JEOL 7401F model equipped with an energy dispersive spectroscopy (EDS) system,
which was employed to determine the chemical composition of samples. The evolution
of atoms in the individual nanostructures of the ZnO arrays was analyzed across the TO
process by transmission electron microscopy (TEM) in high-resolution (HRTEM) mode,
employing a transmission electron microscope (JEOL ARM200F model). The vibrational
modes exhibited by the samples were analyzed by Raman spectroscopy in INTEGRA
Spectra equipment with a green laser as the excitation source (wavelength of 532 nm).

2.4. Functionalization of Nanostructured ZnO Array with Hemoglobin

For Hb functionalization, Hb was diluted in deionized water to obtain a 2 mM aqueous
solution. The ZnO structures were preconditioned for interacting with the Hb molecule.
Thus, 500 mL of ethanol, 500 mL of deionized water, and 400 mL of ammonia were mixed
and placed in an ultrasonic bath for 10 min. Afterward, the ZnO nanostructures and
500 mL of the TEOS were added to the previously mentioned mixture. The mixture
was agitated for 8 h at room temperature (RT). Then, the ZnO structures were removed
from the reaction and immersed in deionized water to remove the remanent molecules.
The preconditioned ZnO structures were immersed in the aqueous dispersion of Hb at
a temperature of 80 ◦C for 1 h and then suddenly cooled down at 0 ◦C. Afterward, the
samples were held at this temperature for 180 min. The remanent liquid was analyzed
every 30 min by measuring the absorbance spectra with a UV–Vis spectrometer (i3 UV-
VIS SPECTROPHOTOMETER, Hanon Instruments) to determine the percentage of Hb
functionalized with the ZnO structure.

2.5. Evaluation of CO2 Capture

The capability of the samples (Hb-functionalized ZnO structures) for CO2 capture was
studied. The samples were exposed to CO2 (gas) coming from the following reaction:

Na2CO3 + 2HCl → 2NaCl + H2O + CO2 (1)
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The samples’ interaction with CO2 was performed in a hermetic quartz cell to deter-
mine the functionality of the immobilized Hb for CO2 capture. Thus, a Na2CO3 solution
(186 mM concentration) was employed for the test. The CO2 adsorption was indirectly
measured from the absorbance signal measured from the remanent solution across time
with a UV–Vis spectrometer (i3 UV-VIS SPECTROPHOTOMETER, Hanon Instruments).
Absorbance spectra were recorded at room temperature every 15 min for 180 min.

3. Results and Discussion

3.1. Morphological and Structural Characterization of ZnO Arrays

A comparison between the XRD pattern of the Zn foil after the HNO3 etching process
under a solution with 2 and 8 M concentrations is shown in Figure 1. The XRD pattern
was measured before and after the TO process for both etching conditions. When the Zn
foil was etched with the 2 M HNO3 solution, three peaks at 43.22, 70.09, and 70.29 degrees
were found to be in agreement with the diffraction exhibited by the (101), (103), and (110)
planes in the hexagonal Zn phase (PDF # 04–0831). For the Zn foil etched with the 8 M
HNO3 solution, three peaks were located at 43.38, 54.40, and 70.08 degrees. These peaks
were in agreement with the (101), (102), and (103) planes of the hexagonal Zn phase (PDF #
04–0831). In the Zn foil etched with the lower concentration, a predominant intensity of the
plane (103) was observed, while the sample etched with the higher concentration promoted
the prevalence of (102) plane exposition. These observations suggest that the concentration
of HNO3 has an important effect on the plane exposition in a similar way that was reported
in the grain observation process for metallurgical practices [29]. After the oxidation process
was completed, the peaks located at 47.67, 56.60, 62.91, 68.06, and 69.19 degrees were found
in the sample treated with 2 M HNO3 solution, which is labeled as ZnO-g in Figure 1. The
peaks located at 47.59, 56.64, 62.91, 67.98, and 69.04 were found in the sample etched with
8 M HNO3. In both cases, the peaks corresponded with the diffraction of the (102), (110),
(103), (112), and (201) planes for the wurtzite hexagonal structure of ZnO (PDF # 036–1451).
Both samples exhibited the diffraction of the (101) and (103) planes for Zn, which indicated
that the substrate was not totally oxidized during the TO process.

Figure 2 shows a comparison between the obtained morphology from the Zn foil after
the TO process across the explored etching conditions. As can be seen, both conditions
led to nanostructures growing on the entire surface of the substrate. The sample etched
with the 2 M HNO3 solution was obtained with grass-like morphology (see Figure 2a),
while the sample etched with the 2 M HNO3 solution exhibited cane-like morphology (see
Figure 2b). A close examination of both kinds of structures showed that ZnO grass-like
structures (ZnO-g) were formed by flat structures with an average area of 1 ± 0.01 μm2

and a thickness of 10 ± 0.2 nm (see Figure 2c). The ZnO cane-like structures (ZnO-c) were
100 ± 0 0.5 nm in length and had a diameter of 10 nm ± 0.1 nm. In addition, EDS was
performed on each sample after the TO process, finding Zn and O as unique elements.
This suggested that this methodology offers a great level of clean control for obtaining
ZnO. For the ZnO-g (see Figure 2e), the amount of Zn was less than that found in the
ZnO-c (see Figure 2f). This suggested that the etching with a higher concentration of HNO3
promotes a reduction in oxidation in the Zn substrates, showing the signal of Zn that was
not fully oxidized.
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Figure 1. Comparison between XRD patterns of Zn foil etched with HNO3 (2 and 8 M concentration)
before and after TO at 500 ◦C. Note that samples obtained after TO for 2 and 8 M were the grass-like
(ZnO-g) and cane-like (ZnO-c) ZnO nanostructures.

Figure 2. Zn foils etched with HNO3 at (a) 2 M and (b) 8 M imaged by FESEM after the TO processing.
(c,d) Close views of the samples in (a,b), respectively. Recorded EDS spectra from the (e) ZnO
grass-like and (f) ZnO cane-like nanostructures.
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3.2. Growing Path of ZnO Arrays

The individual structures were analyzed by electron microscopy to identify the dif-
ferences in the interfaces of ZnO grass-like structures (see Figure 3a) and ZnO cane-like
structures (see Figure 3c). Once the samples were imaged by HRTEM, the interplanar
distance was measured, and we an average distance of 2.85 Å for the ZnO-g and 1.95 Å for
the ZnO-c structures. Thus, according to the measured data, the prevalence of plane (010)
in the ZnO grass-like structures was revealed (see Figure 3b), while the plane (012) was
found in high density on the ZnO cane-like structures (see Figure 3d). The difference in
the exposed planes in each kind of structure explained the resulting morphology for each
substrate, as was seen in other studies [12].

Figure 3. Comparison between (a) a single ZnO grass-like nanostructure and (b) ZnO cane-like
nanostructure imaged by SEM. (c,d) Close view of the interface imaged by HRTEM of samples (a,b),
respectively.

According to the results, the Zn etching made with HNO3 is an important factor in
producing morphological changes on the surface of the substrates that influence the final
characteristics of the ZnO samples. It was reported [30] that oxide preferential growth
occurs in Zn zones affected by etching along grain boundaries and scratches on nano-
scaled dimensions. These nanostructured oxide regions [31] act as nuclei for further ZnO
surface array deposition, as shown in Figure 2. Yu et al. [31] explained that ZnO nanowire
deposition occurs at temperatures between the Zn melting and boiling point by means
of two mechanisms: first, the development of ZnO nuclei sites formed by vapor-solid
action; second, the nanowire formation controlled by the vapor–liquid mechanism. The
oxidation temperature (T) in the experiments carried out in this study was 600 ◦C, which is
a temperature between the Zn melting and boiling points (420 ◦C < T < 907 ◦C) [31]. The
ZnO nanofeatures’ growth can be explained by the liquid–solid growth mechanism with
preferential nucleation on the oxidized Zn nuclei first produced by acid etching [30] and
then by the initial thermal process [30,31]. A scheme showing the influence of HNO3 etching
on the growth mechanism is depicted in Figure 4. The process starts with the formation
of surface features by acid etching; according to the results, a nitric acid concentration of
2 M induces scratches on the surface, and the 8 M concentration promotes spherical craters;
scratches and craters are marked in red in the scheme in Figure 4a. On the etched surface,
nanostructured oxide formation takes place (Figure 4b), mainly on the features promoted

72



Crystals 2022, 12, 1086

by etching (preferential sites for oxidized nuclei formation). Finally, when the temperature
reaches the isothermal point, at 500 ◦C, which is a temperature between Zn melting and
boiling points [31], the known liquid–solid growth mechanism controls the arrays’ growth,
with surface features acting as nucleation sites (Figure 4c), allowing the formation of ZnO
surface nanoarrays on Zn foils.

Figure 4. Schematic representation for the growth path of nanostructured ZnO arrays: (a) the
pattern on Zn foil promoted by the acid etching process, (b) the phase transition given by the
nucleation mechanism, and (c) growth of nanostructured ZnO arrays by the solid–liquid mechanism
on nucleation sites into the TO process.

The Raman spectra were recorded to understand the structural differences between the
ZnO grass-like and ZnO cane-like nanostructures. Figure 5 shows a comparison between
the spectra recorded from the Raman spectroscopy from the Zn foils etched with the 2
and 8 M HNO3 solutions before and after TO. As shown, the Raman shift was completely
modified after the TO process. A Lorentzian fit was applied to the spectra recorded from
the ZnO grass-like (see Figure 5b) and ZnO cane-like (see Figure 5c) nanostructures. In both
samples, six vibrational modes were identified (see Table 1). The E2 (H)–E2 (L), A1 (TO),
E2 (H), and E1 (LO) vibrational modes corresponded to the ZnO phase and were localized
in all samples [19,32–35]. Although the same vibrational modes were found in both kinds
of structures, the relationship between the area under the curve of the E2 (H) mode with
respect to the others was different in the ZnO-g and ZnO-c. These results suggested a
difference in the defect concentration from one sample to another, which could have a
significant impact on the functionalization efficiency of the Hb molecule.

Table 1. Comparison of Raman shift values for vibrational modes between the as-oxidized ZnO
structures previously etched with 2 M (ZnO-g) and 8 M (ZnO-c) HNO3 solutions. Note that * point a
vibrational mode not reported for ZnO.

Vibrational Mode ZnO-g (cm−1) ZnO-c (cm−1) Label in Figure 5
ZnO Bulk (cm−1)

[33,34]
Nanotubes ZnO

(cm−1) [32]

E2 (H)–E2 (L) 321.97 331.03 (a) 321 331
A1 (TO) 387.51 392.98 (b) 384 383
E2 (H) 437.29 438.80 (c) 438 437

* 486.72 502.26 (d) - -
E1 (LO) 567.23 566.22 (e) 580 578
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Figure 5. (a) Comparison of the recorded Raman shift between the Zn foil etched with HNO3 2 M
(Black line) and 8 M (red line), before and after TO (blue and magenta line, respectively). Lorentzian
fit applied on the Raman shift recorded from (b) ZnO grass-like and (c) ZnO cane-like structures.

3.3. Hb Functionalization of ZnO Nanostructures and CO2 Capture

The supernatant from the Hb-functionalization reaction was analyzed over time with
UV–Vis spectroscopy (see Section 2 for details). Figure 6a shows the remnant from the
interaction of Hb with the ZnO grass-like structures, while Figure 6b shows the results
from the interaction with the ZnO cane-like structures. By comparing these figures, it
is clear that the ZnO grass-like structures exhibited a high efficiency for attaching to Hb
molecules on the surface. This is clearest in Figure 6c, where the percentage of remnant
Hb molecule over the reaction time is depicted. The cane-like structures presented the
slowest functionalization rate and achieved a 32.1% Hb-functionalization efficiency. In
comparison, the grass-like structures exhibited the fastest rate with an efficiency of 99.2%.
This difference in Hb-functionalization efficiency could be attributed to the predominance
of the (010) plane in the grass structures, along with the high density of defects in ZnO. This
difference in functionalization efficiency due to morphology was seen in other systems [27].
The insert in Figure 6c shows the Hb-functionalized ZnO grass-like structures after the
whole process, where a complete surface modification can be seen, possibly due to the
incorporation of the Hb molecule at the surface of the sample.
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Figure 6. Measured absorbance by UV–Vis of the remanent hemoglobin in the functionalization
process over time with (a) grass-like and (b) cane-like structures. (c) Relationship between absorbance
signal over time of supernatant in the Hb-functionalization process. Insert in (c) shows a Hb-
functionalized sample imaged by SEM.

The CO2 capture due to the Hb-functionalized ZnO structures was indirectly measured
by the absorption spectra of sodium carbonate (see details in Section 2). The reaction for
obtaining CO2 presented an absorption peak below 250 nm. Thus, the decrease in this
intensity was indicative of CO2 capture. Note that the shape of the UV–Vis spectrum did
not change in the entire process. This could be explained because the molecules in the
sample not changing their chemical structure by the interaction with the ZnO structures.
The intensity of the UV–Vis spectrum decreased over time because some molecules were
trapped by the ZnO; here, this was the CO2 molecule. As Figure 7a shows, the ZnO grass-
like structures allowed significant CO2 capture after 180 min, with a 98.3% of reduction in
the initial intensity. The ZnO cane-like structures exhibited a 54% of reduction in intensity
after 180 min of exposure to the Na2CO3 solution (see Figure 6b). To compare the rate of CO2
adsorption, the kinetics of the reaction was computed according to the following equation:

ln
[

CO
C

]
= kt

where CO is the concentration when time is equal to zero, C is the concentration at time (t),
and k is the reaction rate constant [12]. For the sample ZnO-g, the k at 180 min was computed
as 0.0118, while that for sample ZnO-c was 0.0040. This provided evidence of a the great
difference in CO2 capture promoted by the morphology in the ZnO arrays. The ZnO can
capture CO2 by itself [17]. According to our results, the morphology of ZnO nanostructures
influences the functionalization efficiency with Hb because of the charge distribution on
the surface (which is directly related to the structural properties). These observations are
in agreement with the theoretical results reported by Usseinov et al. [17]. After the Hb-
functionalization process, both kinds of ZnO nanostructures adsorbed the CO2 molecule
by the known interaction between the hemoglobin and CO2 molecule [36]. Thus, the CO2
capture difference depends on the Hb efficiency achieved by each ZnO nanostructure.
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Figure 7. Absorbance spectra of Na2CO3 dissolution over time of interaction with (a) ZnO grass-like
(ZnO-g) and (b) ZnO cane-like (ZnO-c) structures. (c) The comparison of kinetics in CO2 adsorption
between ZnO-g and ZnO-c.

4. Conclusions

In this study, ZnO grass-like (ZnO-g) and ZnO cane-like (ZnO-c) nanostructures were
obtained as an array with an accessible thermal oxidation technique. The ZnO-g structures
were mainly constituted by the (010) plane, while the ZnO-c structures were mainly con-
stituted by the (012) plane. The growth and formation of both kinds of ZnO structures
explored in this study can be explained by the vapor–liquid mechanism influenced by the
HNO3 etching treatment. The ZnO structures were functionalized with hemoglobin, and
we found that the ZnO grass-like structures exhibited the best efficiency, possibly due to
the predominance of the (010) plane at the interface. This kind of structure also presented
the best efficiency for CO2 capture, with a 98.3% of initial concentration after 180 min.
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Abstract: Regulating the swimming motility of bacteria near surfaces is essential to suppress or
avoid bacterial contamination and infection in catheters and medical devices with wall surfaces.
However, the motility of bacteria near walls strongly depends on the combination of the local
physicochemical properties of the surfaces. To unravel how nanostructures and their local chemical
microenvironment dynamically affect the bacterial motility near surfaces, here, we directly visualize
the bacterial swimming and systematically analyze the motility of Escherichia coli swimming on ZnO
nanoparticle films and nanowire arrays with further ultraviolet irradiation. The results show that
the ZnO nanowire arrays reduce the swimming motility, thus significantly enhancing the trapping
ability for motile bacteria. Additionally, thanks to the wide bandgap nature of a ZnO semiconductor,
the ultraviolet irradiation rapidly reduces the bacteria locomotion due to the hydroxyl and singlet
oxygen produced by the photodynamic effects of ZnO nanowire arrays in an aqueous solution. The
findings quantitatively reveal how the combination of geometrical nanostructured surfaces and local
tuning of the steric microenvironment are able to regulate the motility of swimming bacteria and
suggest the efficient inhibition of bacterial translocation and infection by nanostructured coatings.

Keywords: ZnO nanowire arrays; bacteria motility; antibacterial; particle tracking

1. Introduction

The migration, colonization, and reproduction of bacteria play pivotal roles in human
health and the ecological environment. Biofilm formation, for example, is a response to most
inflammation and metabolism [1–4], and some bacteria can accelerate the decomposition
of minerals and extract some metal materials [5,6]. The living activities of bacteria are
almost entirely conducted within the confined walls of their habitat; thus, detailed bacterial
movements near the surface have attracted extensive interest [7–9]. The complex geometry
of real wall surfaces and the dynamical fluctuation of local environments within the
immediate interfacial layer are nevertheless essential to bacterial motion and thus their
attachment or detachment behavior. The swimming behaviors of bacteria driven by the
flagella connected to the rotating motors on the cell membrane demonstrate fascinating
features from the hydrodynamic point of view [10]. Berg and Turned [11] reported the
clockwise (CW) circular motion parallel to a rigid surface due to the balance of angular
momentum between the counter-rotations of flagella and body, which inevitably increased
the trapping probability of bacteria near the surface. The dynamic tracking method has
been proposed to directly observe the 3D trajectories of bacteria near solid surfaces under
microscopy [12,13], showing that the swimming speed and tumble frequency on surfaces
were lowered to a certain extent. It has been elucidated that a solid wall is able to attract
bacteria with the mechanism of bacterial circular motion on the surface [14,15]. The near-
surface movement of bacteria is determined to be a form of ultra-low flight [16] with
an accumulation at a distance of 500 nm away from the surface, which has been further
measured by Total Internal Reflection microscopy [17,18].
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Except for the hydrodynamic origin of slowing down close to the surface, the physical
contact between the flagellum and surface has been proven by directly capturing the colli-
sion and scattering processes [19]. It is well accepted that the steric interaction between
bacteria and surfaces is also important to the motile behavior near the surfaces [20–25]. Since
the bacteria swim the distance to the surface down to sub-hundred nanometers, the physic-
ochemical properties of the surface play vital roles in movement behavior. Hu et al. [26],
through their mesoscale hydrodynamic simulations, found that a change in surface rough-
ness at the nanoscale was perceivable by cells. When bacteria swim distances of hundreds
of nanometers, there is a critical slip length of about 30 nm, over which bacteria swim
straight or even reverse the circular motion. In addition, charge density, wettability, and
the stiffness of the surface have unavoidable influences on bacterial motility [27,28]. The
motility, a measure of the swimming capability of the bacteria, is represented here by
the average speed calculated from a vast number of tracked trajectories. However, most
studies of bacterial contamination on surfaces roughly relied on the global adsorption
number and reproduction rate of bacteria [29–33]. In contrast to adhesion, dynamical
bacterial motility on rough substrates is still lacking [31–36]. Obviously, the motility of
bacteria near the surface directly relates to bacterial spreading and colonization. Chang
et al. found that when the surface structure size is smaller than a lower limit, the bacteria
cannot feel the topography; when the structure size is around a critical value, the bacteria
are more likely to travel parallel to the local crystal axis [36]. Quantitative and systematical
analysis of the effect of surface topography on bacteria from both the trajectories and
velocities of bacteria are rather rare. In addition, for real surfaces, such as real skin, nasal
mucosa, and intestinal surfaces, except for the surface topography, the chemical microen-
vironment near the surface also affects bacterial behavior. As addressed in the review by
Kołodziejczak-Radzimska et al. [37], the investigation of bacterial movement subjected to
surfaces with complex textures and fluctuated chemical reactions are even more demanding.
Particularly, from the point of view of the microscopic bacteriostasis mechanism, nanos-
tructured coatings are excellent for capturing the physicochemical picture of modeling real
surfaces, where surface morphology and the chemical microenvironment immediately near
the surface (nanoscale) are both present in a natural way.

Here we use ZnO nanowire arrays (NWA) as a model system in vitro to demonstrate
how the surface structures and local chemical microenvironment controlled by ultraviolet
(UV) light are able to efficiently regulate bacterial swimming and quantitively evaluate
the bacteriostasis merits. The tracking protocol and statistical analysis of a vast number of
trajectories of individual bacteria are proposed to quantify the swimming behavior on a
nanoparticles film (NPF) and NWA. Due to the photocatalytic effect of ZnO, the antibacterial
components are generated at the interface under ultraviolet light irradiation and diffuse
into the bulk liquid. A great number of detailed trajectories and the swimming speed of
E. coli on different surfaces with nanostructures and under exposure to UV irradiation are
systematically analyzed. It is realized that ZnO nanostructures are successful at suppressing
bacterial motility within a quarter of an hour, and the spatial spreading of the bacteria
is thus restricted. Interestingly, UV irradiation is found to enhance the slowing down
of bacterial swimming on ZnO NWA. Our results help to understand the impact of real
surfaces on bacterial motile behavior and provide a potential protocol and a general method
to improve the sterilization efficiency for nanostructured materials.

2. Materials and Methods

2.1. Bacteria Culturing

E. coli (strain of RP437) with a plasmid fluorescence of protein marker YFP [38] (EX
489–505 nm, EM 524–546 nm) was used in all of the experiments. The bacterial cells were
grown overnight in 15 mL of LB buffer (0.01 g/g NaCl (OXOID, Basingstoke, UK), 0.01 g/g
of Tryptone (OXOID), and 0.005 g/g of Yeast (OXOID) and dissolved in DI (deionized water)
culture medium, plus antibiotics (Chloramphenicol (Aladdin, Shanghai, China), 1 μL/mL),
in the incubator at a temperature of 30 ◦C, under a shaking speed of 200 rpm. Then the
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culture solution was diluted by DI water at a ratio of 1:100 into fresh medium (15 mL LB) and
was kept for another growth period of 5.5 h until it reached the exponential growth phase
(optical density ~0.7 at 600 nm of wavelength). The harvesting time was determined under
the microscope when the bacteria presented with uniform body dimensions (about 2 μm
in length and 0.5 μm in diameter) and the highest motility (~25 μm/s on average). Then,
the bacterial cells were concentrated from the culture media by centrifugation (1500× g,
5 min), followed by the removal of the supernatant, and were then gently redispersed into
the motility buffer (100 mM EDTA, 1 mM L-methionine (Sigma-Aldrich, St. Louis, MO,
USA), 1 M of sodium lactate (Sigma-Aldrich) and 0.1 M of potassium phosphate buffer
(EMSURE), pH = 7, and dissolved in DI water and 0.025 g/mL L-Serine (Sigma-Aldrich).
The final bacteria concentration used in the tracking experiment on the glass slides and
ZnO nanostructured surfaces was about 0.05 of the optical density, dissolved in motility
buffer + L-Serine.

2.2. ZnO Nanostructures Preparation

ZnO NPF and NWA were synthesized using classical protocols [39]. Briefly, the glass
substrate was first cleaned by ultrasonication in acetone, ethanol, and DI water for 15 min
in sequence. Then, 1.44 g of Zn(CH3COO)2·2H2O (Alfa Aesar, Haverhill, MA, USA), 0.75 g
of PVA17-88 (Aladdin), and 1 mL of absolute ethyl alcohol (General-Reagent, Merck KGaA,
Germany) were dissolved in 10 mL of DI water under constant stirring and heated for
30 min to prepare a seed layer solution. Then, a uniform, thin gel layer of the seed layer
solution was spin-coated onto the substrate (10 s at 500 rpm followed by 20 s at 3000 rpm),
which was transformed into ZnO NPF after annealing in a Muffle furnace (heating speed
5 ◦C/min, 450 ◦C in air, for 120 min). The substrate with ZnO NPF was placed upside
down in a Teflon container and immersed in a so-called hydrothermal solution (3.5 mM
Zn(NO3)2·6H2O (Sigma-Aldrich) and 3.5 mM Hexamethylenetetramine (HMTA, Alfa
Aesar) dissolved in 35 mL DI water) for 4 h of growth at 95 ◦C. After cooling down to room
temperature, the ZnO NWAs grown from the seed layers were washed with ethanol and
DI water several times. Finally, the wurtzite ZnO NWAs were post-annealed in a Muffle
furnace (heating speed 5 ◦C/min, 450 ◦C in air, hold for 120 min) to remove the residues.
The scanning electron microscopy images (SEM, FEI Apreo S, Thermo Fisher Scientific,
Waltham, MA, USA), at 10 kV acceleration voltage and 11 mm of working distance) of the
ZnO nanostructures are shown in Figure 1b–e. The nanowires were measured and had
dimensions of 140 ± 14 nm in diameter, 8.1 ± 1.3 μm in length, 140 nm in spacing, and
21/μm2 in number density. The grain size of the NPF was about 42.6 ± 6.1 nm in diameter
and 576/μm2 in number density (~50 nanowires or nanoparticles within 100 square microns
have been selected for this statistical measurement). The roughness is defined here as the
ratio of the actual area to the projected area. Then the roughness of NWA was about 96.6,
which is much larger than 2.6 of NPF.

2.3. Observation Setup

A Nikon Eclipse Ti2 inverted microscope combined with a 60X Nikon (Tokyo, Japan)
water immersion objective with a 1.20 numerical aperture was used for observation. Fluo-
rescent and bright field image sequences were captured using a Flash 4.0 camera with a
field-view size of 225 μm in a square at a resolution of 2048 × 2048 pixels and a framerate
of 50 fps at an exposure time of 20 ms. Drops of bacterial suspension with a ~10 μL vol-
ume were transferred onto the substrates and enclosed in a 1.0 × 1.0 cm2 chamber (Gene
Frame, Thermo AB-0576, with a height of 250 μm (Figure 1a). The temperature was fixed at
24 ± 2 ◦C for all of the experiments. The peak wavelength of the UV light used here was
about 398 nm, and the wavelength range at half maximum was 390-406 nm. The energy
density of the UV light irradiated on the sample was about 4 mW/cm2.
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Figure 1. Experimental setup and SEM images of ZnO nanostructures. (a) Schematic bacterial
swimming within the sandwich confinement. The bacterial suspension is surrounded by four
plastic side walls to avoid evaporation. (b,c) are SEM images of ZnO NWA from the top and side
view, respectively. (d,e) are SEM and zoom-in images of ZnO NPF from the top view at different
magnifications, respectively.

2.4. Bacteria Tracking

The swimming bacteria on the surface were recorded by the camera as an image
sequence, and the swimming path was then extracted from the linking positions of the
tracked individual bacteria at a continuous time sequence. The tracking plugin of TrackMate
(Fiji, NIH) was used to detect and analyze the real paths of the swimming bacteria. The
displacement and speed were then calculated and plotted with MATLAB coding. Note that
the bacteria suspension was rather dilute and that the interaction between each other can
be neglected. Meanwhile, roughly tens to hundreds of the total number of independent
trajectories were needed for our statistical analysis. To avoid damage or the photobleaching
effect of the fluorescence illumination by the laser light source, each image stack was
independently captured at different locations (at least 400 μm at the distance with 30% of
the total fluorescence intensity).

3. Results and Discussion

3.1. Swimming on ZnO NWA

From the SEM measurements, the ZnO nanowires have a typical diameter of ~140 nm
and a height of ~8.1 μm. The body (head) of the E. coli has a rod shape, which is about
2 μm in length and 0.5 μm in radius and is connected to 4–6 left-handed flagellum. Each
flagellum is about 20 nm in diameter, 200 nm in helical radius, and 5~7 μm in length [40].
Due to the large body size of the bacteria, they are unable to penetrate into gaps between
the nanoarrays. However, the rotating flagella are able to sense the ZnO NWA due to
its very small diameter and large length. Therefore, the swimming behavior is expected
to be different from that on ideal smooth surfaces. The swimming of bacteria on the
ZnO NWA was traced with time intervals of 2 min. The typical evolving trajectories
of bacterial swimming near the surface are displayed in Figure 2a, with a view field of
225 × 225 μm2. As shown in Figure 2b, all of the trajectories are overlapped together with
the same start point at the origin of the coordinates. In the first minute, the average moving
range of swimming bacteria is about 100 μm, and some of the bacteria could reach 200 μm.
While only a few bacteria could move more than 100 μm after 5 min (the majority of the
motion range is less than 50 μm). Obviously, the length of the trajectory monotonically
decreases over time, as shown in Figure 2a, b, indicating that the spreading of bacteria is
significantly inhibited.
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Figure 2. Swimming trajectories and motility variation on ZnO NWA. (a) Bacteria trajectory varying
with time from 1 min to 13 min. Each trajectory is observed with a duration longer than 2 s at the
focal plane. (b) All the trajectories are overlapped into a centered start point. (c,d) Probability density
function and mean swimming speed, respectively. The scale bar represents 30 μm.

To quantify the motility of the bacteria, the instantaneous swimming speed at each
time step (0.02 s) and probability density function (PDF) during each observation time
window are calculated and plotted in Figure 2c. Immediately after being transferred
onto the NWA from the motility buffer, the bacteria motions show that the standard
variation of the swimming speed is rather wide in the beginning and then significantly
shrinks with time. Moreover, the peaks of PDF gradually shift leftwards, i.e., the smaller
speed region, indicating the decay of swimming motility. Furthermore, to confirm the
motility supersession resulting from the ZnO NWA, the control experiment of bacteria
swimming on bared glass is conducted. A glass substrate with a roughness of about 1 nm
in magnitude of order measured by atomic force microscopy is a good control with a
completely different material nature to ZnO nanostructured substrates. The results are
shown in Figure 2c, with the red and black dashed line, respectively, which illustrate the
weak decay of bacteria motility. It can also be seen that the swimming speed on the glass
surface is almost maintained during the total observation time, which clearly testifies the
reduction in motility due to the presence of ZnO NWA. The mean speed with error bar

(standard deviation SD =

√
Σ|V−V|2

N ) over time is also calculated and showed in Figure 2d,
presenting the speed dropping from 17.7 μm/s to 3.1 μm/s within 12 min. Therefore, the
interactions between the nanoarrays and the swimming bacteria are expected to contribute
to the drag forces and the slowing down of bacterial swimming. However, as a complex
interface (not ideal flat and chemical homogeneity), ZnO NWA plays a complicated role in
the motility reduction in the swimming bacteria when considering the possible steric force,
van der Waals force, hydrodynamic attraction with the virtual image swimmer in theoretical
modeling, and the dynamical bouncing force due to the direct mechanical contact between
flagella and the nanowires.

3.2. Swimming on ZnO NWA in Response to UV Irradiation

Thanks to ZnO being a wide bandgap semiconductor, UV illumination contributes
to the generation of electron–hole pairs. The excess electrons are able to activate possible
photodynamic effects or increase the charge density on the surfaces of the ZnO NWA.
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Therefore, motility suppression and then effective attachment are expected. Then, the bacte-
rial motility on the ZnO NWA under UV irradiation is measured. During the observation of
bacterial swimming, the UV light is kept running at all times. At the initial stage, shown in
Figure 3a, the bacteria swim with curved trajectories, showing the run-and-tumble process
similar to that in the absence of UV light. Thereafter, the extent of the sticking and motility
reduction are increasingly enhanced. Within the first minute, the length of the trajectories
is almost around 50 μm, much shorter than the displacements in the absence of UV light.
After 12 min, almost all of the bacteria stick to the surface and could not escape from the
surface again during the observation time. Overall, the expansion range of bacterial motion
became significantly smaller than that without UV irradiation, as illustrated in Figure 3c,
d with the speed distribution and the mean value. It is possible that bacteria become
non-motile after introducing the UV irradiation since the fluorescence of the mutation
E. coli disappeared.

 

Figure 3. Bacterial swimming under UV irradiation on ZnO NWA. (a,b) Typical trajectories of
swimming bacteria on NWA with varying time. (c,d) Speed distribution and mean speed at different
time duration, respectively. A control experiment of bacteria swimming on bared glass under UV
light is also plotted in (c). Scale bar is 30 μm.

To evaluate the effect of UV illumination on the swimming speed, a control experiment
is carried out with UV light on bare glass under the same conditions. Figure 3c shows all
the probability density distributions of the swimming speed on both the surfaces of glass
and ZnO NWA under UV irradiation. It is confirmed that the UV light played a negligible
role for those bacteria swimming on the glass surface without ZnO mediation, which will
also be discussed in a later section.

3.3. Swimming on ZnO NPF with and without UV Radiation

To identify the influence of surface morphology on bacterial motility, a nanoparticle
film of ZnO is used as a counterpart to the nanowire array. From the SEM measurements
(Figure 1d, e), the NPF consisted of nanosized particles with a diameter of ~42.6 nm.
Figure 4a shows the typical bacterial trajectories over time on the NPF without UV irradia-
tion. As shown in Figure 4d, the movement range of bacteria during the tracked period can
reach 200 μm in 1 min, with a typical value of 150 μm. At 9 min, only a few bacteria can
spread around 100 μm. A long time later (37 min), the range of bacterial motion shrinks
slightly. The mean swimming speed shown in Figure 4g, reaches a plateau in 13 min, and
the mean speed drops to 5.6 μm/s in 37 min from the initial speed of 17.7 μm/s.
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Figure 4. Swimming on nanoparticle film of ZnO. (a–f) Snapshots and trajectories of tracked bacteria
on NPF and glass with and without UV irradiation, respectively. (g) Mean swimming speed on NPF
with and without UV irradiation over time. The scale bar represents 30 μm.

Then, the bacteria motility on the ZnO NPF with UV irradiation is also measured
and shown in Figure 4b,e. After 1 min, the motion range of bacteria during the tracking
period can reach 200 μm, very close to that of those swimming on glass and ZnO NWA
with and without UV light. Compared with the data of ZnO NWA under UV irradiation,
the shift and contraction of peak positions are not sharp. The mean bacteria motility over
time with an error bar, calculated by the standard deviation of each trajectory, is shown
in Figure 4g, where a negligible decrease occurs, and the mean speed drops from 18.0 to
4.0 μm/s in 21 min. Most of the bacteria on ZnO NPF + UV lose their fluorescence after
21 min, resulting in the number of bacteria not reaching the minimum.
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3.4. Comparison of Bacterial Motility

The anti-contamination efficiency of physical structures and chemical reactions due to
the coupling of photon–electron and UV illumination is now evaluated. The experiments
about the effect of UV irradiation are carried out on three types of substrates, including
bared glass, ZnO NPF, and ZnO NWA. As shown in Figure 5a, there are basically no
differences in the speed of the bacteria in the two groups of experiments on glass with and
without UV illumination marked with the colors cyan and purple, respectively, indicating
the negligible effect of the UV light for swimming bacteria on a glass surface. Here, the
error bar and data after 15 min are hidden in Figure 5a for clearer alignment. The mean
speed on the ZnO NPF shows a substantial reduction, implying a specific contribution
from the material nature of ZnO. Furthermore, the motility of bacteria on the ZnO NWA is
also slightly lower than that on the ZnO NPF, suggesting that the physical barriers created
by roughness have a weak effect on bacterial motility. However, a distinct decay of mean
speed appears on ZnO NWA with UV irradiation, i.e., the mean speed dropped to 3.5 μm/s
after 6 min, which is faster than that without UV irradiation. The apparent enhancement of
bacteriostatic ability illustrates that the roughness of the nanowire arrays plays a weak role
from nanoparticle to nanoarray while significantly contributing to motility suppression
due to chemical reactions by converting photonic energy to excess electrons.

 

Figure 5. Mean speed and ballistic diffusion of bacterial spreading on various surfaces with and
without UV irradiation. (a) Replot of bacterial motility as a function of time on ZnO NWA, ZnO NPF,
and bared glass substrates, respectively. (b) Mean squared displacement depends on the lag time,
showing the ballistic and super diffusion processes.

MSD (mean square displacement) 〈|x(t)− x0|2 + |y(t)− y0|2〉 is used here to eval-
uate the spreading efficiency of bacteria on the surface based on the trajectories by the
calculation of the time-evolving position x(t) and y(t). MSD is also ascribed to the motil-
ity of bacteria. As shown in Figure 5b, the MSD depending on lag time demonstrates a
ballistic diffusion feature, i.e., MSD ~ t2, which is reasonable by recognizing the bacteria
as a type of self-propelled particles. As a reference to the Brownian motion of passive
particles due to thermal agitation, polystyrene beads with a 1 μm diameter (comparable
with the bacterial size) and with a density of 1.04 g/cm3, which is also similar to that of
the bacteria (1.04 g/cm3), are used to present the spreading capability, as marked with a
black dashed line in Figure 5b. In the case of ZnO NWA under UV irradiation, bacterial
motility, characterized by an active ballistic diffusion process, is even smaller than that of
pure Brownian particles at a short time range (less than 1 s). In other cases, bacteria behave
with greater motility than Brownian particles do in the all-time window. The slopes of the
four MSD curves are both greater than 1, indicating a super diffusion mode of bacterial
swimming [41]. In other words, swimming bacteria, similar to typical, active Brownian
particles, prefer straight motion compared to a random walk with a long-time limit.
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Briefly, the motility of bacteria on ZnO was significantly inhibited compared to that on
glass. This inhibition effect occurs immediately (within 1 min) after the transfer of bacteria
onto ZnO nanostructures. The reduction in bacterial speed is supposed to be the reason
that the ZnO nanomaterial is a typical polar material [42,43], and the oxygen vacancies on
the surface can form a large number of equivalent positive charge centers [44–46], which
is more likely to adsorb negatively charged E. coli [47]. In the absence of UV irradiation,
the motility of bacteria on the ZnO NWA is slightly lower than that on ZnO NPF. It might
be caused by the large undulation of the arrays, collisions, or flagella entanglement when
E. coli swims close to the surface with a geometrical landscape. This is consistent with the
more random swimming directions indicated by the trajectories of bacteria on the ZnO
NWA, as shown in Figure 2.

The ZnO NWA presents a significant antibacterial effect under UV irradiation, and
the corresponding enhancement effect is clear compared with results from measurements
on the NPF. It is believed that the photodynamic-effect efficiency of the nanowire arrays
with a large surface area comes to play an important role. The roughness is defined
here as the ratio of the actual area to the projected area. Then the roughness of NWA is
about 96.6, which is much larger than 2.6 of NPF. UV irradiation is adopted to generate
hydroxyl radicals and singlet oxygen in the aqueous phase in the presence of ZnO, which
has been proven to be curtailed [48–51], shown in the sketch of Figure 6. Compared with
the insensitivity of the ZnO NPF to UV light, the higher roughness of the ZnO NWA leads
to a significant improvement in the bacteriostatic effect.

 

Figure 6. Sketch of bacterial swimming on ZnO NWA. Generation of hydroxyl radical and singlet
oxygen are initiated in the presence of UV irradiation.

4. Conclusions

In summary, ZnO nanostructures are used to investigate the interfacial swimming
behavior of E. coli by tuning surface textures and chemical reactions by remote undulation
towards bacteriostatic capability. By visualizing the swimming trajectories of bacteria and
analyzing their locomotion ability, the natural bacteriostatic ability of ZnO is quantitatively
determined, showing that the average speed of bacteria can be reduced by 20% immedi-
ately after introducing ZnO nanostructures into the bacterial suspension. Increasing the
roughness and the exposure of UV irradiation can further improve the antibacterial effect
of the ZnO nanomaterials. Interestingly, when large roughness and UV irradiation are
combined, the bacteriostatic effect is significantly enhanced. ZnO NWA with UV light
irradiation reduces almost 90% of bacterial motility (slowing down to ~2 μm/s) within
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only 6 min. This highly effective bacteriostatic ability might originate from the combined
effect of the polar nature of ZnO crystallization, the structural properties of the nanowire
arrays, and the photodynamic effects. The strong trapping ability of ZnO NWA can strongly
inhibit the migration of bacteria and prevent bacterial infection. Trapped bacteria become
non-motile with possible bacteriostatic substances produced by photodynamic effects from
ZnO material nature. The findings here not only demonstrate the detailed motility of
bacteria swimming on nanostructured surfaces but also provide means for antibacterial
applications of ZnO nanomaterials.
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Abstract: Over the past two decades, the quick development of wireless sensor networks has required
the sensor nodes being self-powered. Pushed by this goal, in this work, we demonstrated a ZnO
nanowire-array-based piezoelectric nanogenerator (NG) prototype, which can convert mechanical
energy into electricity. High-quality single crystalline ZnO nanowires, having an aspect ratio of about
15, grown on gold-coated silicon substrate, were obtained by using a low-cost and low-temperature
hydrothermal method. The NG-device fabrication process has been presented in detail, and the
NG’s performance has been tested in both compression and vibration modes. Peak power of 1.71 μW
was observed across an optimal load resistance of 5 MΩ for the ZnO nanowires-based NG, with
an effective area of 0.7 cm2, which was excited in compression mode, at 9 Hz, corresponding to
~38.47 mW/cm3 volume-normalized power output. The measured voltage between the top and
bottom electrodes was 5.6 V. In vibration mode, at 500 Hz, the same device showed a potential of
1.4 V peak-to-peak value and an instantaneous power of 0.04 μW, corresponding to an output power
density of ~0.9 mW/cm3.

Keywords: ZnO nanowires; piezoelectric nanogenerator; VING nanogenerator; energy harvesting

1. Introduction

Recent advances in the internet of things (IoT) have stimulated the quick development
of self-powered sensor nodes with characteristics of low power consumption [1,2]. Due to
their disadvantages, such as limited lifespan, complicated maintenance, and environmental
unfriendliness of battery materials, the conventional power supply technologies based on
electrochemical batteries will not be promising way to sustainable development. This is
why more and more research is focusing on energy harvesting systems as self-sustained
power sources, by harvesting and transforming ambient energy into electricity, in order to
realize the self-autonomous sensors [3,4].

The surrounding energy can be funded in different forms: in mechanical, thermal,
and electromagnetic forms. Even though electromagnetic energy, especially solar radiation,
represents a vast energy reservoir, mechanical energy sources are also largely presented
in our daily life (such as vibrations, shocks, flows, etc.) and electromechanical conversion
presents a definite advantage in dark or inaccessible environments, such as in some aero-
nautical, automotive, and underground applications. Extracting part of this energy from
the ambient environment is particularly interesting at small-scales, because the system
of reduced energy recovery could be directly integrated into the microsystem devices
to make them semi-autonomous or autonomous. However, this energy must have two
distinguishing features: (1) the abundance of its sources; (2) an environmentally friendly
nature, meaning no nuisance or greenhouse gases will be generated during electricity
production. In addition, the mechanical energy has a highly appreciable asset: it can be
produced at the place of consumption, so there is no remote energy transfer, or loss due to
the transfer. The conversion of mechanical energy into electrical energy can be realized via
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the piezoelectric properties of some materials, i.e., their ability to generate electricity when
mechanical stress is applied to them.

Nowadays, the study and application of piezoelectric nanowires (NWs) attracts a lot
of attention because of their interesting properties due to their small size. The advantage of
using NWs for energy harvesting is not only related to their small size, which allows the
reduction in the device size, but also to their sensitivity to the least mechanical stimulations.

In 2006, Z.L. Wang’s research group at Georgia Tech (USA) demonstrated, for the
first time, a piezoelectric nanogenerator based on ZnO NWs by recovering the mechanical
energy to electricity [5]. The obtained results were very encouraging and created a desire,
in researchers and specialists worldwide to develop this field for more than a decade. As a
result, ZnO NWs have become one of the most popular materials for designing various
NGs, due to their piezoelectric characteristics and biocompatibility, as well as their low-cost
synthesis processes, with easy morphology control [6–9].

NGs based on piezoelectric NWs can be classified into two broad categories: NGs
based on vertically oriented NWs (VINGs) [4,10], and NGs based on lateral NWs
(LINGs) [4,11,12]. In general, in the case of the VINGs, the piezoelectric nanowires
are intentionally synthesized vertically, on a conductive substrate, and the device is
completed by an upper electrode. In the case of the LINGs, piezoelectric NWs are
first transferred from growth substrates to a receiver substrate, and then fabrication of
metallic contacts is undertaken, to ensure that the piezo potential can be coupled to an
external load, when actuated by a bending moment [13]. Owing to the relative ease of
fabrication and apparent effectiveness, vertically integrated nanogenerators (VINGs)
are among the most extensively exploited structures in this field.

In this work, we demonstrated the characteristics of a VING: the NG was based on
the vertical ZnO nanowire arrays grown on gold-coated silicon substrate. The energy
harvesting tests were carried out both in compression mode at low frequency, and in
vibrational mode, at a frequency range from 50 Hz to 3 kHz; the choice of frequency range
was based on the aeronautic applications, by considering the different airplane vibrations.

2. Materials and Methods

2.1. ZnO Nanowire Synthesis

As part of this work, we used the hydrothermal method for the synthesis of ZnO
nanowires. This is a low-cost, low-temperature method, consisting of two main phases.
The first phase was the nucleation phase, which can be described in several steps:

Firstly, a metallized silicon substrate (Si/Pt or Si/Au) having a size of 1 cm × 1 cm
was placed in an ultrasonic bath, containing a surfactant solution, for 10 min. Then, it was
rinsed with distilled (DI) water (milli-Q quality, R > 18 MΩ), followed by drying with a hot
air flow, followed by an annealing in the oven at 200 ◦C for 10 min, in order to remove any
solvent residues from the substrate. Finally, the substrate was put in a plasma cleaner for
10 min, for a perfectly-cleaned surface.

Then, the buffer layer was prepared with dehydrated zinc acetate (ZnAc2·2H2O,
VWR Norma Pur Analytical Reagent 99%) in solution, in absolute ethanol (EtOHabs, VWR
AnalaR Norma Pur 99.9%) at 0.01 M. The buffer layer deposition was carried out with the
dip-coating method. To do this, we immersed the substrate vertically in a bath containing
the buffer layer solution, and then removed it at a controlled rate. Finally, the substrate
covered with the buffer layer was placed in an oven at 350 ◦C for 20 min. under ambient
atmosphere. The ethanol evaporated and the zinc acetate decomposed, to create the ZnO-
nanocrystallitesto form the nucleation sites. The equation below explains the decomposition
process of zinc acetate, to form ZnO seeds, according to the reaction shown in Equation (1).

Zn(CH3COO)2 +
1
2

O2 → ZnO + 2CO2 + 3H2 (1)
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For a hydrothermal growth process, zinc nitrate (Zn(NO3)2, Sigma-Aldrich ACS
Reagent 98%) and hexamethylenetetramine (HMTA) (C6H12N4, Sigma-Aldrich ACS Reagent
99%) were used for ZnO nanowires growth. The growth solution was prepared from two
separate solutions: one of 50 mM Zn(NO3)2, and another of 25 mM HMTA. Then both
solutions, in equal volumes, were mixed at room temperature, to obtain the growth solution,
with concentrations of 25 mM for Zn(NO3)2 and 12.5 mM for HMTA.

The substrate with the buffer layer was then immersed face down, in a Teflon bottle
containing the growth solution, which had been preheated to 90 ◦C in a conventional oven.
The different chemical reactions that take place during the process of ZnO nanowire growth
can be described by the following equations [9,14]:

(CH2)6N4 + 6H2O ↔ 4NH3 + 6HCHO (2)

4NH3 + 4H2O ↔ 4NH+
4 + 4OH− (3)

Zn(NO3)2 ↔ Zn2+ + 2NO−
3 (4)

Zn2+ + 2OH− ↔ Zn(OH)2 (5)

Zn(OH)2 ↔ ZnO + H2O (6)

Although the exact function of HMTA during the growth of ZnO nanowires is
not yet fully understood, it is generally considered a weak base, which will be slowly
hydrolyzed in water, to progressively produce OH−. This step is important in the
synthesis process of ZnO nanowires, because if the HMTA hydrolyzes too rapidly and
produces too much OH− in a short time, the Zn2+ ions in the solution will precipitate
too quickly, by forming Zn(OH)2. This precipitation will lead to quick consumption of
the Zn2+ ions, which will reduce the nanowire growth kinetic. That is why we chose
the 2:1 ratio between zinc nitrate and HMTA, instead of equimolar, which can often be
seen in the literature [15,16].

After the growth of the ZnO nanowires, the substrate was rinsed by DI water, to
remove the possible residues from the intermediate reactions, and was then dried in
an oven at 80 ◦C for 15 min. The morphology of ZnO NWs was characterized using a
scanning electron microscope (FEG–SEM, NEON 40 ZEISS, Oberkochen, Germany),
operating at 10 kV accelerating voltage. Figure 1a,b shows both planar- and cross-
section-view SEM images, from one of our samples exhibiting a typical morphology
of our samples: a homogeneous ZnO nanowire array, in which the diameter varies
between 35 and 40 nm and the length of the nanowires is approximately 0.9 μm (for
2-h growth time).

The X-ray diffraction (XRD) analysis was performed on a PANalytical X’Pert PRO MPD
diffractometer (Almelo, The Netherlands) using Co Kα radiation (λ = 0.17890 nm) in θ-2θ
configuration, equipped with a diffracted beam monochromator. Figure 1c shows a typical
XRD pattern of a sample of ZnO nanowires on a gilded silicon substrate. We can clearly
identify that the synthesized nanowires crystallized according to the compact hexagonal
phase B4 (Würtzite type), with a preferential growth towards the c-axis. The high-resolution
transmission electron microscopy (HRTEM) observation, performed on a FEI TECNAI
G2 F20 operating at 200 kV (Hillsboro, OR, USA), confirms this preferential directional
growth and shows excellent monocrystallinity of our nanowires, obtained from an easy,
and low-cost, hydrothermal method (Figure 1d).

93



Crystals 2022, 12, 1023

Figure 1. Representative SEM images show: (a) top view; (b) side view of as-grown vertically
orientated ZnO NW arrays on the gilded Si substrates (scale bar: 200 nm); (c) XRD analysis of
hydrothermally-grown ZnO NWs on gilded Si substrates; and (d) HRTEM image of a representative
ZnO NW.

2.2. ZnO-Nanowire-Based Nanogenerator Device Fabrication

For ZnO NW-based nanogenerator fabrication, we used the ZnO NW sample with
4 h growth time, in order to obtain suitable nanowires for the NG devices: L ~ 1.1 μm,
D ~ 45 nm with aspect ratio α ~ 25. Then, to protect the ZnO NWs during the experimental
test phase, and to electrically isolate between the top metallic electrode and the Au layer
of substrate (the bottom electrode), the substrate, covered with a vertical network of ZnO
NWs, was encapsulated in a matrix of PMMA (poly-methyl methacrylate, Acros Organics,
Illkirch, France), thus forming a ZnO/PMMA composite layer. To do this, the PMMA
495 A4 solution (MMA 495K MW in 4% Anisol) was spin-coated on the surface of the
nanowires, leading to a penetration of PMMA into the volume of nanowires, as shown in
Figure 2. It is worth mentioning that this process is quite difficult to perform, we had to
carry out multiple encapsulations to successfully develop an optimized process. In fact,
there are no standard spin-coating parameters to apply, because it depends on the ZnO
NW’s density, even with a fixed PMMA solution viscosity.
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Figure 2. ZnO nanowires after PMMA deposition, (a) top view and (b) side view of as-grown,
vertically orientated ZnO NW arrays.

Figure 3 illustrates the ZnO NWs-based NG device-fabrication method. After PMMA
spin-coating (step 2), an aluminum (Al) layer of 700 nm thickness, as the top contact
electrode, was evaporated on the upper sample surface using a stainless-steel shadow mask
(step 3). After inserting connecting wires (step 4), the NG was encapsulated with a PDMS
layer, for protection and robustness during the different tests (step 5). A photograph of the
final device has been also presented in Figure 3. It should be emphasized that the obtained
device Al/ZnO/Au forms a Schottky contact, as studied both in our previous work [17]
and in literature [18,19].

Figure 3. Schematic showing the device and reference sample assembly, along with a photograph of
a completed device.

3. Results and Discussions

The measurement apparatus was based on a custom-built test bench, carefully de-
signed to minimize anomalous signals that can occur due to effects other than that of
the piezoelectric effect. In the first case, the NG was tested under vibration mode, so to
perform this, the NG was placed on a shaker, which acted as an actuator and transmitted
the vibrations to the NG, with controlled frequencies and accelerations, through a vibra-
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tion controller. During the measurement, we used a voltage-follower amplifier, which is
characterized by a very large input impedance and a low output impedance, in order to
have maximum voltage transmitted and recovered. The test bench was connected to a data
acquisition system, to view and record the data.

To assess the impact of resistive loading on the measured NG output characteristics,
we carried out a series of experiments, by varying the load resistors (RL) between 1 MΩ
and 1 GΩ, and by applying a fixed vibrational frequency of 500 Hz to the NG. Figure 4a
presents the experimental data resulting from the various RL, in which it can be clearly
observed that the output voltages for the understudied device increase with increasing RL
value and saturate at a maximal value of about 720 mV for RL = 30 MΩ. The generated
signal has a peak-to-peak value of about 1.4 V, as shown in Figure 4b. Therefore, we can
conclude that 30 MΩ represents the optimal value of the load resistance for our NG.

Figure 4. (a) Voltage response according to load resistance RL, under vibration mode, with f = 500 Hz.
(b) The generated signal, with a peak-to-peak value of about 1.4 V.

With these considerations, we can determine the instantaneous power generated by
our device, using the following relationships:

Pi =
(VRMS)

2

RL
; with VRMS =

Vmax√2
(7)

From the measured values of maximal voltage “Vmax” as a function of load resistance
RL, we can plot the variation of the instantaneous power (Pi) as a function of the RL
(Figure 5). We found that the NG delivered a maximal instantaneous output power of
0.04 μW, corresponding to an RL value of about 4 MΩ; the corresponding power density
value was about 0.9 mW/cm3. To give a comparison, a similar work on ZnO NWs-based
NG, from Dahiya et al. [20], generated an output power density of ~16 μW/cm3, with a
potential peak-to-peak value of 2 V.

Next, we studied the performance of our NG in the frequency range corresponding
to aircraft vibration, in order to be coherent with future potential applications of NG as
an energy source for self-powered sensors. Figure 6a (black curve) shows the variation of
the instantaneous power of the NG as a function of the frequency from 50 Hz to 3 KHz,
for a load resistor of 4 MΩ (optimized value). We noticed that the instantaneous power
increased exponentially with the vibrational frequency. However, the energy per cycle had
a different behavior, as shown in Figure 6b (black curve). In fact, its value increased very
quickly with the frequency before 300 Hz and reached the maximum energy between 300
and 1200 Hz, and then it decreased for the frequency above 1200 Hz. From this observation,
we can deduce that the optimal range of vibrational frequency for our NG is between
300 and 1200 Hz. It is worth highlighting that the maximal aircraft vibration energy is
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approximatively located between 500 Hz and 1000 Hz. Thus, our NG response is quite
coherent with this application.

Figure 5. Estimated instantaneous power as a function of load resistance.

Figure 6. (a) Variation of instantaneous power, with and without mass (2 g). (b) Variation of energy
per cycle as function of vibrational frequency, with and without mass (2 g).

After defining the optimal load resistor and vibrational frequency for the optimal
working conditions of our ZnO nanowire-based NG, we were interested in improving its
performance, by adding a mass of 2 g on the top of the NG. This mass could increase the
compressive constraint on the ZnO NWs and decrease the value of the resonance frequency
of the device. We knew that we did not want to go beyond 2 g, to avoid making the
device cumbersome for later applications, while maintaining the same range of excitation
frequency from 50 Hz to 3 KHz. Figure 6a (red curve) illustrates the variation of the
instantaneous power as a function of the vibrational frequency. By comparing the power
curves before and after the mass addition, we can see that a small improvement has been
obtained for the NG output power, but not in a significant way (15%). Similar behavior
was also observed in energy per cycle (see Figure 6b) (red curve).

In the second case, the NG was tested under compression mode. The NG was placed
in front of a shaker which acted as an actuator (by applying a compression force on the
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NG), with a fixed low frequency, for potential applications under low frequency motion,
such as body movement. The applied force was measured by a force sensor, linked on the
shaker, as shown in Figure 7.

Figure 7. Experimental setup for the NG test in compression mode.

Figure 8a shows the voltage generated by the NG, based on the ZnO nanowire array,
synchronized with the force applied by the actuator (Figure 8b) (calculated from the force
sensor). The device withstood a large number of cycles, with a frequency of 9 Hz and a
maximum force of about 6 N. It is important to note here that these forces, applied by the
actuator to deform the NG device, did not induce significant damage to the polymer matrix,
the electrical contacts, or the silicon substrate. No cracking or degradation was observed
by optical microscopy after numerous cycle tests.

Figure 8. Performance obtained from a ZnO nanowire-array-based piezo-nanogenerator. (a) Potential
generated under a compressive force. (b) Corresponding forces applied on the NG. (c) A zoom on
the applied force. (d) Power obtained from NG under different applied forces.
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Note that, under these biased conditions, the nanowires were compressed. Nanowires
generate a negative signal when the NG is compressed and a reverse signal when re-
leased. The profile of the generated signal perfectly followed the profile of the applied
force (Figure 8c). The piezo-nanogenerator delivered an alternating voltage, both during
compression of the device and during its relaxation. This behavior is in concordance with
the piezo-nanogenerators found in the literature [21–24].

Figure 8d presents the powers generated under different excitation forces. In this
case, the NG generated a mean power higher than in the previous case (in vibration
mode), with an effective power of 1.71 μW for a compression force of 6 N. This is due to
a more important stress having been applied towards the c-axis of the nanowires in the
compression–excitation mode.

4. Conclusions

In this work, we have studied the electrical signal produced by a piezoelectric nanogen-
erator, incorporating vertically-aligned piezoelectric ZnO NWs encapsulated in a polymer
matrix. ZnO NWs were hydrothermally synthesized, showing high crystalline quality and
homogeneous morphology. PMMA was used as a matrix material, to physically support
the ZnO NWs, and as a dielectric layer on top of the NWs. The theory proposed to describe
the ZnO NWs-based nano-generator operation is that the dielectric material acts as an
effective barrier layer for induced charges in metal electrodes, while providing electrical
isolation between adjacent NWs. The devices assembled here employed a ~1.2 μm thick
PMMA layer over the top of the NWs, which offered effective electrical isolation for the
top electrode. Thinner layers proved challenging when trying to electrically isolate the
two conductive layers.

This work was devoted to the design and study of the performance of an NG based
on ZnO nanowire arrays (NWs: ~1.1 μm length and ~45 nm diameter). The device was
tested in two different modes: firstly, in vibration mode, then in compression mode. In
the vibration mode, the experimental tests demonstrated the best working conditions for
our NG, including the load resistance RL at 4 MΩ and the range of vibrational frequency
between 300 and 1200 Hz. Our ZnO NWs-based NG produced a potential of 1.4 V peak-to-
peak value, and an instantaneous power of 0.04 μW (output power density ~0.9 mW/cm3).
In the compression mode, with the same RL value, a larger effective power of 1.71 μW
(output power density ~38.47 mW/cm3) was obtained at a low frequency of 9 Hz, with
an applied force of 6 N. From these results, it can be concluded that the VINGs are more
sensitive to the compression mode than the vibration mode.
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Abstract: Green synthesis of zinc oxide nanoparticles (ZnO NPs) has recently gained considerable
interest because it is simple, environmentally friendly, and cost-effective. This study therefore aimed
to synthesize ZnO NPs by utilizing bioactive compounds derived from waste materials, mangosteen
peels, and water hyacinth crude extracts and investigated their antibacterial and anticancer activities.
As a result, X-ray diffraction analysis confirmed the presence of ZnO NPs without impurities. An
ultraviolet–visible absorption spectrum showed a specific absorbance peak around 365 nm with an
average electronic band gap of 2.79 eV and 2.88 eV for ZnO NPs from mangosteen peels and a water
hyacinth extract, respectively. An SEM analysis displayed both spherical shapes of ZnO NPs from the
mangosteen peel extract (dimension of 154.41 × 172.89 nm) and the water hyacinth extract (dimension
of 142.16 × 160.30 nm). Fourier transform infrared spectroscopy further validated the occurrence
of bioactive molecules on the produced ZnO NPs. By performing an antibacterial activity assay,
these green synthesized ZnO NPs significantly inhibited the growth of Xanthomonas oryzae pv. oryzae,
Xanthomonas axonopodis pv. citri, and Ralstonia solanacearum. Moreover, they demonstrated potent
anti-skin cancer activity in vitro. Consequently, this study demonstrated the possibility of using
green-synthesized ZnO NPs in the development of antibacterial or anticancer agents. Furthermore,
this research raised the prospect of increasing the value of agricultural waste.

Keywords: green synthesis; ZnO nanoparticles; antibacterial activity; anticancer activity; fruit peels;
water hyacinth

1. Introduction

Zinc oxide nanoparticles (ZnO NPs) are widely used metal oxides due to their domi-
nant properties including photocatalytic properties [1], antimicrobial activity [2–4], anti-
inflammatory response [5], anti-cancer activity [6], thermal stability [7], and biocompati-
bility [8]. Hence, ZnO NPs are applied in a variety of industries, such as agriculture, food
processing, cosmetics, medicine, and textiles [9–11].

Chemical and physical approaches are the most common ways to synthesize ZnO
NPs [12]. The term “green synthesis” has recently gained popularity due to its simplicity,
environmental friendliness, and economic effectiveness. Green synthesis utilizes phyto-
chemicals present in plants, microbes, and fruit peel waste for the bioreduction of metal
ions to their corresponding nanoparticles [13,14], which have a variety of particle sizes and
shapes [15]. Previous research has shown that using higher concentrations of banana peel
extracts resulted in a higher purity of green-produced ZnO NPs with less zinc hydroxide
production [16], implying that the phytochemicals present in the extracts act as metal cap-
ping agents and/or reducing agents [17]. Subsequently, plant extracts have been proposed
to play a role in three different phases of synthesis: (i) reducing agents for the bioreduction
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of metal ions or metal salts; (ii) the nanoparticle growth phase; and (iii) stabilizing agents
for nanoparticles’ final shapes [18,19]. Examples of fruit or vegetable peel extracts that have
previously been reported to synthesize ZnO NPs are banana peels [16], citrus peels (orange,
lemon, and grape) [20], drumstick peels [21], and onion peels [22].

Mangosteen (Garcinia mangostana L.) peels contain abundant amounts of many phyto-
chemicals such as xanthones, flavonoids, tannins, and anthocyanins [23] and have been
demonstrated in vitro to possess antioxidant, anti-inflammatory, antiallergy, antibacterial,
and anticancer activities [24,25]. Notably, phytochemicals such as phenolic compounds,
terpenoids, alkaloids, vitamins, amino acids, proteins, and glycosides have been used as
reducing, capping, and stabilizing agents in nanoparticle formation in a green synthesis
method [26–28]. Furthermore, bioactive compounds such as alkaloids, terpenoids, steroids,
glycosides, phenols, and flavonoids have also been discovered in water hyacinth (Eichhornia
crassipes) [29], which is the world’s worst invasive aquatic weed [30].

The goal of this study was to utilize a green synthesis approach to synthesize ZnO NPs
from crude extracts of mangosteen peels and water hyacinth. Subsequently, antibacterial
activity against plant pathogen diseases including Xanthomonas oryzae pv. oryzae (rice
bacterial blight pathogen), Xanthomonas axonopodis pv. citri (citrus canker disease), and
Ralstonia solanacearum (bacterial wilt disease) and anticancer activity against epidermoid
cancer cells (A431) of newly synthesized ZnO NPs were investigated.

2. Materials and Methods

2.1. Preparation of Crude Extracts

In May, mangosteen peels were collected from households in Phayao District, Phayao
province, Northern Thailand. Freshwater hyacinth was collected from the canal in Bann Na
District, Nakhon Nayok, Thailand. All samples were shed dried and ground into powder.
Next, 2 g of ground mangosteen peels were extracted in 500 mL of deionized water at room
temperature for 30 min. Then, a crude extract was prepared as described in [6]. For water
hyacinth extraction, the preparation was performed as described in [31]. After filtration,
the crude extracts were refrigerated at 4 ◦C until next use.

2.2. Green Synthesis of ZnO NPs

For the synthesis of ZnO NPs from mangosteen peels, 50 mL of 2 M zinc acetate solution
(Zn(CH3COO)2, LOBA chemie, Maharashtra, India) was prepared in deionized water for
20 min at room temperature with continual stirring. After that, each burette was filled with
100 mL of the crude extract and 100 mL of the precursor, which were then dropped into a
beaker dropwise. The mixed solution was kept stirring for 1 h at room temperature. The
mixture was then mixed dropwise with 2 M of NaOH (KEMAUS, Sydney, Australia) until it
reached pH 12 and further agitated for 1 h. The mixture was further centrifuged for 30 min at
8000× g at 4 ◦C. The precipitates were filtered and dried overnight at 80 ◦C. For the green
synthesis of ZnO NPs using water hyacinth, the procedure was performed as described in [31].

2.3. X-ray Diffraction (XRD) Analysis

The diffraction pattern was analyzed using an X-ray diffractometer (Bruker D8 Ad-
vance, MA, USA) with CuKα radiation and wavelength (λ) = 1.541 Å. The diffraction
intensity was measured in the 2θ ranging between 20◦ and 80◦. After that, the phases of
the ZnO wurtzite were compared using JCPDS number 00036-1451 [32]. Then, Rietveld
refinement was used to determine the lattice parameters and crystalline sizes using MAUD
software (Trento, Italy) [33–35].

2.4. Ultraviolet-Visible (UV-Vis) Spectroscopy

In the photoluminescence mode of a UV-1800 spectrophotometer (SHIMADZU, Kyoto,
Japan), the dispersed ZnO NPs in deionized water were investigated for absorption spectra
between 300 and 600 nm. The optical band gap of the generated ZnO NPs was then
calculated using the Tauc plot [36].
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2.5. Scanning Electron Microscopy (SEM)

The ZnO NPs were prepared using a Mini Sputter Coater (SC7620, Quorum Technolo-
gies Ltd., Kent, UK), and their morphology was analyzed using FEI Quanta 450 (OR, USA)
as described in [6]. ImageJ program [37] was also used to determine the particle sizes.

2.6. Fourier Transform Infrared (FT-IR) Analysis

To investigate the functional group of the synthesized ZnO NPs, FT-IR analysis was
performed using an FT-IR spectrometer (Bruker, MA, USA). The samples were operated
using a potassium bromide (KBr) approach with an infrared region of 400 to 4000 cm−1

and a 4 cm−1 resolution. The covalent bonds between the zinc metal and oxygen atoms
(Zn-O) were observed in a range between 400 to 600 cm−1.

2.7. Antibacterial Activity Test

The antibacterial activity of the ZnO NPs was tested against Xanthomonas oryzae
pv. oryzae (rice bacterial blight pathogen), Xanthomonas axonopodis pv. citri (citrus canker
disease), and Ralstonia solanacearum (bacterial wilt disease). These bacterial strains were
isolated, characterized, and identified by the Plant Protection Research and Development
Office, Bangkok, Thailand. Bacteria cultures were prepared by inoculating the strains in
Luria broth (LB) with shaking at 37 ◦C until the OD600 reached 0.6. Then, 500 μL of the cul-
tures were treated with various concentrations of ZnO NPs ranging from 0–10 mg/mL and
further incubated with shaking at 37 ◦C for 24 h. Next, the UV-Vis spectroscopic analysis
was performed at 600 nm (SHIMADZU, Kyoto, Japan). The experiment was performed in
two independent experiments with quadruplicate. The percentage of cell growth was deter-
mined as follows: Bacteria Growth (%) = [(AZnO NPs − ABlank)/(AControl − ABlank)] × 100],
where AZnO NPs is the mean absorbance value for the culture treated with ZnO NPs, ABlank
is the mean absorbance value for the ZnO NPs solution, and AControl is the mean absorbance
for the culture only (without ZnO NPs treatment). Then, the half-maximal inhibitory con-
centration (IC50) values of the ZnO NPs against the bacterial growth were calculated using
GraphPad QuickCalcs (GraphPad software Prism 9, CA, USA).

2.8. Cell Viability Assay, MTT Assay

Skin cancer cells (A431; ATCC® CRL1555TM) and an immortalized human keratinocyte
cell line (HaCaT; CLS 300493) were seeded approximately 1.5 × 104 cells per well into
96 well-plates (Falcon® a Corning brand, USA) at 37 ◦C. After 24 h of incubation, the cells
were treated with dispersed ZnO NPs in deionized water in different concentrations ranging
from 7.8–1000 μg/mL and further incubated at 37 ◦C for 96 h. The cells were then incubated
for 3 h with an MTT solution. To dissolve the formazan, 50 μL of dimethyl sulfoxide (Fisher
Scientific, Hampton, NH, USA) was added. Next, the absorbance was measured at 570 nm
using a microplate reader (Sunrise-Basic TECAN, Männedorf, Switzerland). The cell
viability (%) was calculated as described in [38].

2.9. Statistical Analysis

The significant differences between the samples were compared by ANOVA Tukey’s
multiple comparison (GraphPad Software Prism9, San Diego, CA, USA).

3. Results

3.1. Green Synthesis of ZnO NPs Using Mangosteen Peels and Water Hyacinth Crude Extracts

The green synthesis was carried out in four steps: the preparation of a water crude
extract, the preparation of a precursor solution, a green synthesis reaction, and particle
collection, as shown in Figure 1.
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Figure 1. Schematic illustration of green synthesis using mangosteen peels and water hyacinth.

For the synthesis of ZnO NPs using mangosteen peel extract, the color of crude extract
appeared in pale yellow. The reaction mixture of zinc acetate and the crude extract was
purple-blueish in appearance. After pH adjustment, the precipitant was observed to be
white in color, implying the formation of ZnO NPs. Likewise, the zinc acetate and crude
extract reaction mixture was white in color after pH correction, despite the pale green color
of the water hyacinth crude extract. The precipitant was also white, suggesting the presence
of ZnO NPs (data not shown).

Notably, the particles obtained from the synthesis of the mangosteen (Garcinia man-
gostana L.) peel extract were designated as ZnO-Gm, whereas ZnO-Ec was obtained from
the green synthesis of the water hyacinth (Eichhornia crassipes) extract.
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3.1.1. The ZnO Wurtzite Structure Has Been Identified in All Synthesis Samples

Using XRD analysis, the XRD pattern confirmed that the synthesis process successfully
synthesized the ZnO wurtzite structure from both the mangosteen peels and water hyacinth
crude extracts without the impurity of other particles. The higher peak intensity obtained
from ZnO-Ec indicates the better crystallinity of ZnO NPs (Figure 2).

Figure 2. XRD analysis of synthesized ZnO particles prepared by mangosteen (G. mangostana) peel
extract, ZnO-Gm; and whole water hyacinth (E. crassipes), ZnO-Ec.

Next, Rietveld refinement was used to calculate the lattice parameters and crystalline
sizes of the synthesized ZnO NPs using MAUD software. ZnO-Gm and ZnO-Ec had lattice
parameters of a = 3.2536 Å, c = 5.2155 Å, and a = 3.2545 Å, c = 5.2126 Å, respectively. ZnO-
Gm (290.42 Å) showed slightly smaller estimated crystalline sizes than ZnO-Ec (318.99 Å).
(Table 1).

Table 1. The lattice parameters and crystalline sizes for synthesized ZnO NPs determined from XRD
data after Rietveld refinement.

ZnO NPs a (Å) c (Å) Crystalline Size (Å)

ZnO-Gm 3.2536 5.2155 290.42

ZnO-Ec 3.2545 5.2126 318.99

3.1.2. UV–Visible Absorption Spectra and Optical Band Gap of Newly Synthesized
ZnO Particles

Both ZnO-Gm and ZnO-Ec revealed absorption spectra in the UV region at 365 nm.
The ZnO-Gm and ZnO-Ec samples have average energy band gaps of 2.79 eV and 2.88 eV,
respectively (Figure 3).
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Figure 3. UV-Vis spectra and energy band gap of green synthesized ZnO samples. ZnO-Gm nanopar-
ticles produced from mangosteen peel crude extract whereas ZnO-Ec samples generated from water
hyacinth crude extract.

3.1.3. Morphology and Size of Newly Synthesized ZnO NPs

To determine the morphology and sizes of ZnO-Gm and ZnO-Ec, SEM analysis was
performed. Despite the use of different types of crude extracts in the synthesis, SEM images
demonstrated round, almost spherical shapes of the synthesized ZnO particles, (Figure 4).
The ZnO-Gm particles were 154.41 × 172.89 nm in size, while the ZnO-Ec particles were
slightly smaller, averaging 142.16 × 160.30 nm (Figure 4).

Figure 4. SEM images of synthesized ZnO NPs. (A) ZnO-Gm (mangosteen peel extract) and (B) ZnO-
Ec (water hyacinth).

3.1.4. FTIR Analysis of Synthesized ZnO NPs

Next, FTIR was then used to identify the functional groups involved in the formation
of the ZnO NPs. As a result, the spectral peaks between 700 and 500 cm−1 indicated the
formation of ZnO NPs in both ZnO-Gm and ZnO-Ec. Furthermore, the broad peak at
around 3500 cm−1 implied the stretching vibration of O—H stretching. Both ZnO-Gm
and ZnO-Ec also presented peaks in the region around 1500 cm−1, suggesting carbonyl
stretching (C—O) (Figure 5).
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Figure 5. FTIR analysis of green synthesized ZnO NPs. (A) ZnO-Gm generated from mangosteen
peel extract; (B) ZnO-Ec produced from water hyacinth extract.

3.2. Synthesized ZnO NPs Drastically Inhibited Growth of Plant Pathogenic Bacteria

From Figure 6, the results showed that both ZnO-Gm and ZnO-Ec particles signifi-
cantly inhibited all the tested plant pathogenic bacteria. Furthermore, ZnO-Gm demonstrated
almost 2-fold greater antibacterial activity than ZnO-Ec, with IC50 values of 1.887 mg/mL,
1.802 mg/mL, and 1.800 mg/mL, against X. oryzae pv. oryzae, R. solanacearum, and X. axonopodis
pv. citri, respectively (Figure 6D). In addition, the IC50 values of ZnO-Gm for X. oryzae pv.
oryzae, R. solanacearum, and X. axonopodis pv. citri were 3.970 mg/mL, 3.835 mg/mL, and
3.385 mg/mL, respectively (Figure 6D). The inhibitory effects were caused by the synthesized
ZnO NPs, not the mangosteen peel extract or water hyacinth extract, because the extract at
the same concentration as the ZnO NPs showed no antibacterial activity (data not shown).

Figure 6. Synthesized ZnO NPs possessed antibacterial activity (A) Viability (%) of Xanthomonas
oryzae pv. oryzae (rice bacterial blight pathogen), (B) Viability (%) of Xanthomonas axonopodis pv. citri
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(citrus canker disease), (C) Viability (%) of Ralstonia solanacearum (bacterial wilt disease), (D) IC50

values of ZnO-Gm and ZnO-Gc against tested bacteria in the study. The data are represented in
quadruplicate of mean ± SD from at least three independent experiments.

3.3. Synthesized ZnO NPs Possessed Anticancer Activity against Skin Cancer Cells

To investigate anti-skin cancer activity, a non-melanoma skin cancer cell (A431) [39]
and an intermediate cancerous skin carcinoma cell, HaCaT [40], were treated with different
concentrations of either ZnO-Gm and ZnO-Ec ranging from 0–1000 μg/mL. The exper-
iments also included a normal cell, Vero, and the effects of crude extracts, mangosteen
peel and water hyacinth. As a result, both ZnO-Gm and ZnO-Ec dramatically reduced
cell viability in a dose-dependent manner, with greater inhibitory effects against A431 and
HaCaT cells than Vero cells (Figures 7 and 8). In contrast, the mangosteen peel extract
and water hyacinth extract showed no inhibitory effects on any cells at the concentrations
tested (Figures 7 and 8). The IC50 values of ZnO-Gm were 28 μg/mL, 39 μg/mL, and
145.6 μg/mL for HaCaT, A431, and Vero cells, respectively (Figure 7).

On the other hand, the IC50 values of ZnO-Ec were 79.5 μg/mL, 10.12 μg/mL, and
162 μg/mL (Figure 8).

Figure 7. Cytotoxicity effects of ZnO-Gm and mangosteen extract in vitro. (A) HaCaT, (B) A431,
and (C) Vero. ND stands for not determined. IC50 values were shown as indicated. The data are
represented in quadruplicate of mean ± SD from three independent experiments. The significant
differences between the samples were shown as * p < 0.05, ** p < 0.01 (by ANOVA, Tukey’s test).
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Figure 8. Cytotoxicity effects of ZnO-Ec and water hyacinth crude extract in vitro. (A) HaCaT, (B) A431,
and (C) Vero. ND stands for not determined. IC50 values were shown as indicated. The results are
presented as mean ± SD of quadruplicate data from three independent experiments. * p < 0.05, ** p < 0.01
(using ANOVA, Tukey’s test) were used to indicate significant differences between the samples.

4. Discussion

Using a green synthesis method, this study newly synthesized ZnO NPs from man-
gosteen peel and water hyacinth crude extracts, which were designated as ZnO-Gm and
ZnO-Ec, respectively. The results implied that mangosteen peel and water hyacinth extracts
contained bioactive compounds that served as reducing agents and capping agents that re-
act with zinc acetate solution to form ZnO NPs. Phytochemicals found in mangosteen peels
include xanthones, flavonoids, tannins, and anthocyanins [23], whereas water hyacinth
contains alkaloids, terpenoids, steroids, glycosides, phenols, and flavonoids [29]. Both
ZnO-Gm and ZnO-Ec displayed absorption maxima about 365 nm, which is consistent with
previous results using Coccinia abyssinica [41], Cratoxylum formosum [6], and Coriandrum
sativum [42,43], but differs from ZnO bulk, which occurs at around 373 nm [44,45]. Notably,
ZnO NPs typically have a band gap of 3.37 eV [46], and thus synthesized ZnO-Gm and
ZnO-Ec are narrow-band-gap ZnO NPs with 2.79 eV and 2.88 eV, respectively. This narrow
band gap is likely due to the organic molecules of the extracts attached on the surface
of ZnO NPs [47]. According to prior research, the plant species, concentration of extract,
precursor concentration, duration of synthesis, pH condition, and calcination tempera-
ture are six key characteristics that can influence ZnO NPs morphology (see review [48]).
Despite using distinct types of plant crude extracts, this study generated green ZnO NPs
in spherical shapes with slightly different sizes from mangosteen peel extract and water
hyacinth extract.

According to antibacterial activity assays, this study provided additional knowledge
indicating that the green synthesized ZnO NPs from mangosteen peel and water hyacinth
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extracts effectively inhibited various plant pathogenic bacteria including Xanthomonas
oryzae pv. oryzae (rice bacterial blight pathogen), Xanthomonas axonopodis pv. citri (citrus
canker disease), and Ralstonia solanacearum (bacterial wilt disease). In comparison to previous
studies, the IC50 of the generated ZnO NPs (1.80–3.97 mg/mL) demonstrated more potent
suppression against X. oryzae pv. oryzae than the IC50 of methanol extracts of Piper sarmento-
sum fruit and leaves (8.41 mg/mL and 24.69 mg/mL, respectively) [49], but the IC50 of the
produced ZnO NPs against X. oryzae pv. oryzae were less strong than IC50 of melittin (about
9–10 μM) [50] and IC50 of resveratrol (11.67 ± 0.58 μg/mL) [51]. The synthesized ZnO NPs,
on the other hand, displayed lower IC50 against X. axonopodis pv. citri and R. solanacearum
than streptomycin sulfate (6.94 μg/mL and 7.63 μg/mL, respectively) [52]. Our antibac-
terial activity assay was carried out in the dark inside an incubator, and thus there were
no photocatalytic effects, which could lead to poorer bacterial growth suppression. We
are currently evaluating the antibacterial properties of synthesized ZnO NPs against plant
pathogens on crop fields to prove this hypothesis. Interestingly, despite their similar form
and size, ZnO-Gm had more potent antibacterial activity than ZnO-Ec. We hypothesized
that it was because ZnO-Gm presents more higher functional groups of phytochemicals
on its surface than ZnO-Ec based on the FTIR and energy band gap analyses. Previous
research has also proposed that the addition of phytochemicals on the surface of ZnO NPs
could improve their anticancer efficacy [6]. Furthermore, Kalachyova et al. (2017) demon-
strated that the bonded chemical functional groups were important for the light-induced
antibacterial activities of surface-modified gold multibranched nanoparticles [53].

In contrast to chemotherapeutic drugs, ZnO NPs have been found to exhibit low toxic-
ity, biodegradability, and therapeutic effects with a high degree of cancer selectivity [54,55].
This study showed that low doses of ZnO-Gm and ZnO-Ec (<80 μg/mL) significantly re-
duced cell viability by more than 50% inhibition against epidermoid carcinoma cells (A431)
and very early-stage cells in skin tumorigenesis (HaCaT) without causing cytotoxicity in
normal cells. Likewise, the green synthesis of ZnO NPs from rhizomes of Alpinia calcarata
also inhibited the growth of A431 [56]. Furthermore, green ZnO NPs from a Cratoxylum
formosum leaf extract were previously shown to drastically inhibit A431 by upregulating
transcripts involved in the inflammatory response and downregulating transcripts that
promote cell proliferation [6]. Even though ZnO NPs have shown significant promise in
the treatment of skin cancer, further research and the in-depth understanding of cellular
and molecular pathways, as well as clinical studies, will be required in the future for the
development of cancer therapies.

5. Conclusions

This study highlighted the green synthesis of ZnO NPs from mangosteen peel extract
(ZnO-Gm) and water hyacinth extract (ZnO-Ec). The spherical forms of ZnO-Gm (dimen-
sions of 154.41 × 172.89 nm) and ZnO-Ec (dimensions of 142.16 × 160.30 nm) were obtained
without the presence of additional crystalline impurities. The energy band gaps of ZnO-Gm
were 2.79 eV, whereas for ZnO-Ec, they were 2.88 eV. Both synthesized ZnO NPs showed a
specific absorbance peak around 365 nm, and their surfaces had bioactive functional groups
from the extracts. The green-synthesized ZnO NPs significantly inhibited the growth of
pathogenic plant bacteria including Xanthomonas oryzae pv. oryzae, Xanthomonas axonopodis
pv. citri, and Ralstonia solanacearum. Moreover, they possessed potent anti-skin-cancer
activity in vitro.
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9. Verbič, A.; Gorjanc, M.; Simončič, B. Zinc Oxide for Functional Textile Coatings: Recent Advances. Coatings 2019, 9, 550. [CrossRef]
10. Sabir, S.; Arshad, M.; Chaudhari, S.K. Zinc Oxide Nanoparticles for Revolutionizing Agriculture: Synthesis and Applications. Sci.

World J. 2014, 2014, 925494. [CrossRef]
11. Mishra, P.K.; Mishra, H.; Ekielski, A.; Talegaonkar, S.; Vaidya, B. Zinc oxide nanoparticles: A promising nanomaterial for

biomedical applications. Drug Discov. Today 2017, 22, 1825–1834. [CrossRef] [PubMed]
12. Singh, T.A.; Sharma, A.; Tejwan, N.; Ghosh, N.; Das, J.; Sil, P.C. A state of the art review on the synthesis, antibacterial, antioxidant,

antidiabetic and tissue regeneration activities of zinc oxide nanoparticles. Adv. Colloid Interface Sci. 2021, 295, 102495. [CrossRef]
[PubMed]

13. Agarwal, H.; Venkat Kumar, S.; Rajeshkumar, S. A review on green synthesis of zinc oxide nanoparticles—An eco-friendly
approach. Resour.-Effic. Technol. 2017, 3, 406–413. [CrossRef]

14. Noah, N.M.; Ndangili, P.M. Green synthesis of nanomaterials from sustainable materials for biosensors and drug delivery. Sens.
Int. 2022, 3, 100166. [CrossRef]

15. Jamdagni, P.; Khatri, P.; Rana, J.S. Green synthesis of zinc oxide nanoparticles using flower extract of Nyctanthes arbor-tristis and
their antifungal activity. J. King Saud Univ.-Sci. 2018, 30, 168–175. [CrossRef]

16. Ruangtong, J.; T-Thienprasert, J.; T-Thienprasert, N.P. Green synthesized ZnO nanosheets from banana peel extract possess
anti-bacterial activity and anti-cancer activity. Mater. Today Commun. 2020, 24, 101224. [CrossRef]

17. Basnet, P.; Inakhunbi Chanu, T.; Samanta, D.; Chatterjee, S. A review on bio-synthesized zinc oxide nanoparticles using plant
extracts as reductants and stabilizing agents. J. Photochem. Photobiol. B Biol. 2018, 183, 201–221. [CrossRef]

18. Singh, J.; Dutta, T.; Kim, K.-H.; Rawat, M.; Samddar, P.; Kumar, P. ‘Green’ synthesis of metals and their oxide nanoparticles:
Applications for environmental remediation. J. Nanobiotechnol. 2018, 16, 84. [CrossRef]

19. Makarov, V.V.; Love, A.J.; Sinitsyna, O.V.; Makarova, S.S.; Yaminsky, I.V.; Taliansky, M.E.; Kalinina, N.O. “Green” nanotechnologies:
Synthesis of metal nanoparticles using plants. Acta Nat. 2014, 6, 35–44. [CrossRef]

20. Okpara, E.C.; Fayemi, O.E.; Sherif, E.-S.M.; Junaedi, H.; Ebenso, E.E. Green Wastes Mediated Zinc Oxide Nanoparticles: Synthesis,
Characterization and Electrochemical Studies. Materials 2020, 13, 4241. [CrossRef]

111



Crystals 2022, 12, 779

21. Surendra, T.V.; Roopan, S.M.; Al-Dhabi, N.A.; Arasu, M.V.; Sarkar, G.; Suthindhiran, K. Vegetable Peel Waste for the Production
of ZnO Nanoparticles and its Toxicological Efficiency, Antifungal, Hemolytic, and Antibacterial Activities. Nanoscale Res. Lett.
2016, 11, 546. [CrossRef] [PubMed]

22. Modi, S.; Yadav, V.K.; Choudhary, N.; Alswieleh, A.M.; Sharma, A.K.; Bhardwaj, A.K.; Khan, S.H.; Yadav, K.K.; Cheon, J.-K.;
Jeon, B.-H. Onion Peel Waste Mediated-Green Synthesis of Zinc Oxide Nanoparticles and Their Phytotoxicity on Mung Bean and
Wheat Plant Growth. Materials 2022, 15, 2393. [CrossRef] [PubMed]

23. Aizat, W.M.; Jamil, I.N.; Ahmad-Hashim, F.H.; Noor, N.M. Recent updates on metabolite composition and medicinal benefits of
mangosteen plant. PeerJ 2019, 7, e6324. [CrossRef] [PubMed]

24. Shan, T.; Ma, Q.; Guo, K.; Liu, J.; Li, W.; Wang, F.; Wu, E. Xanthones from mangosteen extracts as natural chemopreventive agents:
Potential anticancer drugs. Curr. Mol. Med. 2011, 11, 666–677. [CrossRef] [PubMed]

25. Suttirak, W.; Manurakchinakorn, S. In vitro antioxidant properties of mangosteen peel extract. J Food Sci. Technol. 2014, 51,
3546–3558. [CrossRef]

26. Akhtar, M.S.; Panwar, J.; Yun, Y.-S. Biogenic Synthesis of Metallic Nanoparticles by Plant Extracts. ACS Sustain. Chem. Eng. 2013,
1, 591–602. [CrossRef]

27. Ghosh, P.R.; Fawcett, D.; Sharma, S.B.; Poinern, G.E.J. Production of High-Value Nanoparticles via Biogenic Processes Using
Aquacultural and Horticultural Food Waste. Materials 2017, 10, 852. [CrossRef]

28. Korbekandi, H.; Iravani SFau-Abbasi, S.; Abbasi, S. Production of nanoparticles using organisms. Crit. Rev. Biotechnol. 2009, 29,
279–306. [CrossRef]

29. Guna, V.; Ilangovan, M.; Anantha Prasad, M.G.; Reddy, N. Water Hyacinth: A Unique Source for Sustainable Materials and
Products. ACS Sustainable Chem. Eng. 2017, 5, 4478–4490. [CrossRef]

30. Kathiresan, R.M. Allelopathic potential of native plants against water hyacinth. Crop Prot. 2000, 19, 705–708. [CrossRef]
31. T-Thienprasert, N.P.; T-Thienprasert, J.; Ruangtong, J.; Jaithon, T.; Srifah Huehne, P.; Piasai, O. Large Scale Synthesis of Green

Synthesized Zinc Oxide Nanoparticles from Banana Peel Extracts and Their Inhibitory Effects against Colletotrichum sp., Isolate
KUFC 021, Causal Agent of Anthracnose on Dendrobium Orchid. J. Nanomater. 2021, 2021, 5625199. [CrossRef]

32. Jenkins, R.; Fawcett, T.G.; Smith, D.K.; Visser, J.W.; Morris, M.C.; Frevel, L.K. JCPDS—International Centre for Diffraction Data
Sample Preparation Methods in X-Ray Powder Diffraction. Powder Diffr. 1986, 1, 51–63. [CrossRef]

33. Lutterotti, L. Total pattern fitting for the combined size–strain–stress–texture determination in thin film diffraction. Nucl. Instrum.
Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2010, 268, 334–340. [CrossRef]

34. Lutterotti, L.; Bortolotti, M.; Ischia, G.; Lonardelli, I.; Wenk, H.R. Rietveld texture analysis from diffraction images. Z. Kristallogr.
Suppl. 2007, 26, 125–130. [CrossRef]

35. Lutterotti, L.; Chateigner, D.; Ferrari, S.; Ricote, J. Texture, residual stress and structural analysis of thin films using a combined
X-ray analysis. Thin Solid Film. 2004, 450, 34–41. [CrossRef]

36. Tauc, J. Optical properties and electronic structure of amorphous Ge and Si. Mater. Res. Bull. 1968, 3, 37–46. [CrossRef]
37. Rueden, C.T.; Schindelin, J.; Hiner, M.C.; Dezonia, B.E.; Walter, A.E.; Arena, E.T.; Eliceiri, K.W. ImageJ2: ImageJ for the next

generation of scientific image data. BMC Bioinform. 2017, 18, 529. [CrossRef]
38. Budchart, P.; Khamwut, A.; Sinthuvanich, C.; Ratanapo, S.; Poovorawan, Y.; T-Thienprasert, N.P. Partially Purified Gloriosa

superba Peptides Inhibit Colon Cancer Cell Viability by Inducing Apoptosis Through p53 Upregulation. Am. J. Med. Sci. 2017,
354, 423–429. [CrossRef]

39. Khamwut, A.; Jevapatarakul, D.; Reamtong, O.; T-Thienprasert, N.P. In vitro evaluation of anti-epidermoid cancer activity of
Acanthus ebracteatus protein hydrolysate and their effects on apoptosis and cellular proteins. Oncol. Lett. 2019, 18, 3128–3136.
[CrossRef]

40. Leonard, M.K.; Kommagani, R.; Payal, V.; Mayo, L.D.; Shamma, H.N.; Kadakia, M.P. ΔNp63α regulates keratinocyte proliferation
by controlling PTEN expression and localization. Cell Death Differ. 2011, 18, 1924–1933. [CrossRef]

41. Safawo, T.; Sandeep, B.V.; Pola, S.; Tadesse, A. Synthesis and characterization of zinc oxide nanoparticles using tuber extract
of anchote (Coccinia abyssinica (Lam.) Cong.) for antimicrobial and antioxidant activity assessment. OpenNano 2018, 3, 56–63.
[CrossRef]

42. Hassan, S.S.M.; El Azab, W.I.M.; Ali, H.R.; Mansour, M.S.M. Green synthesis and characterization of ZnO nanoparticles for
photocatalytic degradation of anthracene. Adv. Nat. Sci. Nanosci. Nanotechnol. 2015, 6, 045012. [CrossRef]

43. Singh, J.; Kaur, S.; Kaur, G.; Basu, S.; Rawat, M. Biogenic ZnO nanoparticles: A study of blueshift of optical band gap and
photocatalytic degradation of reactive yellow 186 dye under direct sunlight. Green Processing Synth. 2019, 8, 272–280. [CrossRef]

44. Li, X.-H.; Xu, J.-Y.; Jin, M.; Shen, H.; Li, X.-M. Electrical and Optical Properties of Bulk ZnO Single Crystal Grown by Flux
Bridgman Method. Chin. Phys. Lett. 2006, 23, 3356–3358. [CrossRef]

45. Debanath, M.K.; Karmakar, S. Study of blueshift of optical band gap in zinc oxide (ZnO) nanoparticles prepared by low-
temperature wet chemical method. Mater. Lett. 2013, 111, 116–119. [CrossRef]

46. Huang, M.H.; Mao, S.; Feick, H.; Yan, H.; Wu, Y.; Kind, H.; Weber, E.; Russo, R.; Yang, P. Room-Temperature Ultraviolet Nanowire
Nanolasers. Science 2001, 292, 1897–1899. [CrossRef]

47. Khan, M.M.; Saadah, N.H.; Khan, M.E.; Harunsani, M.H.; Tan, A.L.; Cho, M.H. Phytogenic Synthesis of Band Gap-Narrowed
ZnO Nanoparticles Using the Bulb Extract of Costus woodsonii. BioNanoScience 2019, 9, 334–344. [CrossRef]

112



Crystals 2022, 12, 779

48. Xu, J.; Huang, Y.; Zhu, S.; Abbes, N.; Jing, X.; Zhang, L. A review of the green synthesis of ZnO nanoparticles using plant extracts
and their prospects for application in antibacterial textiles. J. Eng. Fibers Fabr. 2021, 16, 15589250211046242. [CrossRef]

49. Syed Ab Rahman, S.F.; Sijam, K.; Omar, D. Chemical composition of Piper sarmentosum extracts and antibacterial activity against
the plant pathogenic bacteria Pseudomonas fuscovaginae and Xanthomonas oryzae pv. oryzae. J. Plant Dis. Prot. 2014, 121,
237–242. [CrossRef]

50. Shi, W.; Li, C.; Li, M.; Zong, X.; Han, D.; Chen, Y. Antimicrobial peptide melittin against Xanthomonas oryzae pv. oryzae, the
bacterial leaf blight pathogen in rice. Appl. Microbiol. Biotechnol. 2016, 100, 5059–5067. [CrossRef]

51. Luo, H.-Z.; Guan, Y.; Yang, R.; Qian, G.-L.; Yang, X.-H.; Wang, J.-S.; Jia, A.-Q. Growth inhibition and metabolomic analysis of
Xanthomonas oryzae pv. oryzae treated with resveratrol. BMC Microbiol. 2020, 20, 117. [CrossRef] [PubMed]

52. Huang, R.-H.; Lin, W.; Zhang, P.; Liu, J.-Y.; Wang, D.; Li, Y.-Q.; Wang, X.-Q.; Zhang, C.-S.; Li, W.; Zhao, D.-L. Anti-phytopathogenic
Bacterial Metabolites From the Seaweed-Derived Fungus Aspergillus sp. D40. Front. Mar. Sci. 2020, 7, 313. [CrossRef]

53. Kalachyova, Y.; Olshtrem, A.; Guselnikova, O.A.; Postnikov, P.S.; Elashnikov, R.; Ulbrich, P.; Rimpelova, S.; Švorčík, V.; Lyutakov, O.
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Abstract: Semiconductor-based photocatalysis is a well-known and efficient process for achieving
water depollution with very limited rejects in the environment. Zinc oxide (ZnO), as a wide-bandgap
metallic oxide, is an excellent photocatalyst, able to mineralize a large scale of organic pollutants
in water, under UV irradiation, that can be enlarged to visible range by doping nontoxic elements
such as Ag and Fe. With high surface/volume ratio, the ZnO nanostructures have been shown
to be prominent photocatalyst candidates with enhanced photocatalytic efficiency, owing to their
being low-cost, non-toxic, and able to be produced with easy and controllable synthesis. Thus, ZnO
nanostructures-based photocatalysis can be considered as an eco-friendly and sustainable process.
This paper presents the photocatalytic activity of ZnO nanostructures (NSs) grown on different
substrates. The photocatalysis has been carried out both under classic mode and microfluidic mode.
All tests show the notable photocatalytic efficiency of ZnO NSs with remarkable results obtained
from a ZnO-NSs-integrated microfluidic reactor, which exhibited an important enhancement of
photocatalytic activity by drastically reducing the photodegradation time. UV-visible spectrometry
and high-performance liquid chromatography, coupled with mass spectrometry (HPLC-MS), are
simultaneously used to follow real-time information, revealing both the photodegradation efficiency
and the degradation mechanism of the organic dye methylene blue.

Keywords: ZnO nanostructures; hydrothermal synthesis; ZnO doping; photocatalysis; water
purification; degradation mechanism study

1. Introduction

The management of water resources is a continually growing issue, impacting hu-
man health, climate change and the global economy [1]. Unfortunately, water pollution
problems, notably caused by various dyes originating from the textile, pharmaceutical and
food-processing industries, increase at the same time. For this reason, water quality and
treatment were set at the top of societal priority action list [2] to find efficient, low-cost, and
environmentally friendly purification processes, leading to a huge increase in the research
on this topic. Among all the solutions, photocatalytic oxidative processes appeared as
promising air and water purification methods due to their ability to degrade and mineralize
toxic organic pollutants into harmless compounds such as H2O, CO2, NO3

− . . . by using
only a light source and a photocatalyst [3,4].

To produce highly efficient materials for water remediation, a variety of photocatalysts
and synthesis methods have been developed [5–11]. Nevertheless, even among them,
some solutions are using complex, expensive, and energy-consuming production processes.
Furthermore, some of the synthesis processes, although efficient, lead to non-eco-friendly
photocatalysts. In order to develop new photocatalytic materials, it is therefore needed
to use eco-friendly photocatalysts, synthesized with a low-cost method, by using the
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least chemical products possible and employing the shortest possible fabrication period.
Moreover, photocatalyst synthesis must be universal to a large kind of support in order to
be developed at different scales, and to be usable by different solutions.

Among the different existing options of photocatalysts, zinc oxide nanostructures
(ZnO NSs) have been selected for their ease of growth using soft chemistry conditions.
Moreover, ZnO NSs have already shown great potential as eco-friendly photocatalysts for
environmental pollution remediation under UV or solar light [12–14]. Besides, ZnO is a
multifunctional material with for instance piezo-electric properties, which could improve
photocatalysis efficiency [15]. ZnO NSs also present the advantages of being low-cost pho-
tocatalysts, whose raw materials are abundant in nature [4], and which could be produced
by soft chemical methods, at low temperature, and with a reduced need for dangerous
chemical compounds. The easy-to-perform method of the hydrothermal synthesis only
requires a low processing temperature (≤100 ◦C) and a short duration (≤4 h), and could be
easily scaled-up and adapted to different substrates [12,15,16].

This paper gives an overview of our previous works on the development of different
ZnO-NSs-based materials by hydrothermal synthesis and their photocatalytic activity for
water purification. The universality and feasibility of this production will be presented
on various substrates, from wafer silicon (Si) substrates to civil engineering materials, and
from the classic synthesis in an autoclave reactor to an in situ synthesis in microfluidic cells.
Different strategies to reduce the ZnO band gap and improve its photocatalytic efficiency
will also be introduced. Then, this paper will display photocatalytic results under classic
mode and microfluidic mode, both under UV light and solar light. Furthermore, this paper
will investigate the photodegradation mechanisms of two organic dyes, methylene blue
(MB) and Acid Red 14 (AR14), by UV-visible spectrometry (UV-vis) and high-performance
liquid chromatography, coupled with mass spectrometry (HPLC-MS).

2. ZnO Nanostructures Grown by Hydrothermal Synthesis and Strategies to Improve
Their Photocatalytic Activity

Usually, hydrothermal synthesis allows the ZnO NSs growth onto different substrates
by two simple operating steps: (1) a ZnO seed layer deposition for creating nucleation
sites on the substrate to act as nucleation centers to promote the homogeneous growth
of the ZnO NS. This step also allows a better control on the morphology and density of
the ZnO NSs in the second step; (2) a hydrothermal growth in presence of zinc salt and
hexamethylenetetramine (HMTA) to obtain nanowires (NWs) or nanorods (NRs) following
the growth mechanism presented in the Equations (1)–(5) [9,17–19]. During step 2, the ZnO
NWs and NRs growth follows the (002) plan to minimize the surface energy [20]. Indeed,
ZnO polar faces have higher energy than the non-polar ones.

(CH2)6N4 + 6 H2O → 6 HCHO + 4 NH3 (1)

NH3 + H2O → OH− + NH+
4 (2)

Zn2+ + 4 OH− → Zn(OH)2−
4 → ZnO + 2 OH− + H2O (3)

Zn(NH3)
3+
4 + 2 OH− → ZnO + 4 NH3 + H2O (4)

Zn2+ + 2 OH− → Zn(OH)2
Δ→ ZnO + H2O (5)

This section presents the adaptation of this process to different substrates and the
main proofs of the good synthesis of ZnO NSs. The development of the synthesis at
different scales with different modes and the strategies to improve photocatalytic activity
are also introduced.

2.1. Silicon Functionalization

Si functionalization has been a well-designed synthesis for years now. The seed layer
deposition commonly consists of a spin-coating (1 min, 3000 rpm) of the Si substrate with a
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buffer layer of polyvinyl alcohol (PVA, 10 g) and zinc acetate dihydrate (Zn(Ac)2·2H2O,
1 g) in water (500 mL). Then, the deposited thin film is calcined at 500 ◦C for 3 h in ambient
atmosphere to remove the PVA and form ZnO nanocrystallites as seeds. The growing
process of ZnO NWs is finally achieved at 90 ◦C during 4 h into a sealed Teflon reactor
containing an aqueous solution of zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and HMTA.
By playing with the concentration, the morphology and the defect concentration in the ZnO
band gap could be tuned (Figure 1) [20,21]. It is noteworthy to mention that our results
presented in Figure 1 are in line with literature [20,21].

 

Figure 1. (a) SEM images, (b) diameter and length, and (c) photoluminescence characterization of
ZnO NWs grown at fixed Zn(NO3)2 concentration of 0.05 M and variable HMTA concentration and
post-annealed at 500 ◦C.

In our previous work, two concentration conditions were selected depending on the
NWs wanted morphology (ratio diameter vs. length) and defect concentration: (1) 75 mM
of Zn(NO3)2 and 37.5 mM of HMTA, corresponding to a growth solution with 37.5 mM
of Zn(NO3)2 and 18.75 mM of HMTA (C1); (2) 50 mM of Zn(NO3)2 and 50 mM of HMTA
corresponding to an equimolar growth solution at 25 mM (C2) [22–24]. At the end of the
growing process, the Si substrates covered by ZnO NWs were washed with DI water, dried
under hot airflow (~30 s at ~53 ◦C), and post-annealed in an oven at 350 ◦C for 30 min in
ambient atmosphere to improve the ZnO crystallinity. Scanning electron microscope images
(SEM, Zeiss FE-SEM NEON 40, Iéna, Germany) demonstrated that well organized and
homogeneous ZnO NWs grown onto Si (1.55 cm2) were obtained, with a measured height
of 1.10 ± 0.05 μm and a measured mean diameter of 85 ± 5 nm in concentration conditions
(C1) and a measured height of 1.80 ± 0.1 μm and a measured mean diameter of 51 ± 5 nm
in concentration conditions (C2) [24,25]. Previous characterization works also proved the
good crystallinity of the as-obtained ZnO NWs by ultraviolet–visible spectrophotometry
(Maya2000 Pro from Ocean Optics, Dunedin, FL, USA), with a mean measured gap value
around 3.21 ± 0.03 eV, and by X-ray diffraction (XRD, CuKα, λ = 1.5418 Å, Rigaku Smartlab,
Neu-Isenburg, Germany), with ZnO Wurtzite peaks obtention [22–25].

2.2. Engineering Materials Functionalization

The synthesis method presented in Section 2.1 proved its efficiency not only on silicon
(Figure 2a), but also on other substrates such as quartz glass [26,27]. However, depending
on the used substrate, this synthesis must be adapted—notably, the seed layer deposition
step. Indeed, the annealing at 500 ◦C degree could damage several kinds of samples,
such as building construction materials. To overcome this problem, the seed layer buffer
solution of PVA deposition by spin-coating was replaced by a horizontal impregnation with
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a Zn(Ac)2 ethanolic solution (0.01 M). This new deposition method led to a shorter and
softer annealing at 350 ◦C during 30 min only (Figure 2b) [28]. In short, a ZnO seed layer
was deposited on engineering materials, such as tiling, concrete, and rocks aggregate, by a
“horizontal impregnation” method with the zinc acetate ethanolic solution, followed by an
annealing at 350 ◦C for 30 min. Then, a classical hydrothermal growth using equimolar
aqueous solutions of HMTA and Zn(NO3)2 or Zn(Ac)2 at 0.025 M was carried out in an
autoclave at 90 ◦C. According to our previous work about the optimal growth conditions
depending on the used substrate [29], 2 h was selected as an optimal growth duration
for tiling or rock aggregate substrates, and 1 h 30 min for concrete substrates. Finally, the
as-synthesized samples were annealed for 30 min at 350 ◦C to remove all the potential
residues from the synthesis process and to improve the ZnO NSs crystallinity.

 

Figure 2. Experimental set-up schema of different developed ZnO NSs synthesis from silicon
functionalization (a) and civil engineering materials functionalization (b) to micro fluidic reactor
production (c) and obtained SEM images.

Results demonstrated that this hydrothermal synthesis method allowed us to grow
ZnO NSs directly on non-conventional substrates such as tiling and concrete (6.25 cm2).
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Tiling samples showed NSs similar to ZnO NWs grown onto silicon in terms of morphology
(~55 ± 17 nm), gap value (~3.20 ± 0.03 eV), and XRD pattern [28,29]. Conversely, a huge
discrepancy was recorded on the morphologies of the ZnO NSs synthesized on concrete
substrates. Depending on the growth time (1 h 30 min to 4 h), NSs vary from complex
ZnO nanosheet structures with a lower gap value (~3.11 ± 0.04 eV) to NWs and NRs
with a gap value of (~3.17 ± 0.04 eV) [29]. This might be due to a possible influence
of the basic surface pH value and the complex chemical composition of concrete. NSs
growth could be also influenced by the textural properties (porosity, roughness, etc.) of
concrete and local micro-turbulences [28–30]. The band gap variation could be caused by
the morphological modifications of ZnO NSs, and could also be associated with their crystal
quality, dislocations density, impurities, size, and thickness [30–32]. Indeed, nanosheets
are supposed to contain more oxygen defects, which could reduce the band gap by acting
as indirect donor energy levels below the conduction band [33–35]. Finally, the feasibility
of the upscaling of this process was proved by going from a reactor containing 250 mL of
growth solution and a single sample production (6.25 cm2) to a reactor with 8 L of growth
solution with 3 samples per synthesis, without any modification of the ZnO NSs properties
(210.25 cm2) [12].

2.3. Microfluidic Reactor Production

In the same way as the ease of the scale up, the ease of transposing this hydrothermal
synthesis method to the microfluidic mode was proved [30,36]. In order to change from
laboratory scale to industrial scale, it is natural to consider going from batch experiments
to continuous degradation. Integrating our NSs in a microreactor allows performing this
change while avoiding scale-up issues in the synthesis, such as increasing the synthesis
reactor size or consuming more growth solution. Furthermore, performing the photocat-
alytic degradation at microfluidic scale presents several advantages compared to the meso-
or macro-fluidic scales: the reduced size of the channels increases the contact between the
photocatalyst and the organic pollutants, while diminishing the quantity of light absorbed
by the liquid. This is especially important when trying to degrade compounds that absorb
the same wavelength as the photocatalyst, or compounds that tend to block the light,
as industrial dyes. The continuous stream of liquid to be degraded, combined with the
size of the channels, also leads to a situation where the mass transfer of the pollutants
is no longer limiting the reaction kinetics, improving the reaction rate [37–40]. All these
advantages lead to a generally faster reaction, meaning a higher photocatalytic efficiency
than in bigger reactors.

However, one of the major drawbacks of microfluidic reactors is the small flowrate
they can deliver, often in the range of 1 mL·min−1, and the large pressure losses in the
microchannels, leading to reactors needing either high pressure at their inlets to ensure
the circulation of the liquid, or the consumption of energy to make the liquid flow. To
circumvent these problems, the start-up Eden Tech developed a microreactor with a web-
like design, allowing higher flowrates with lower pressure losses. This microreactor design
is thermally pressed into a Flexdym™ (a thermoset compound created by Eden Tech [41])
chip at 165 ◦C during 760 s to create the superior part of the microreactor. The other part of
the reactor consists of a circular 4 inches Si wafer, onto which a seed-layer solution has been
deposited following the spin-coating process shown in part 2.1 (Figure 2c). The two parts
of the microreactor are then bonded together in an oven at 120 ◦C during 4 h. After these
two steps, the synthesis per se takes place: the growth solution, a volume balance mix of a
solution of Zn(NO3)2 at 75 mM and a solution of HMTA at 37.5 mM, is continuously injected
into a double-layer beaker where it is heated to the desired temperature before entering
the microreactor, filling the channels, before exiting the microreactor. The functionalized
microreactor obtained at the end of the production process is pictured in Figure 3. Playing
with the solution flowrate (from 100 μL·min−1 to 400 μL·min−1), the solution temperature
(from 80 ◦C to 90 ◦C) and the growth time (from 30 min to 1 h 30 min) leads to changes in
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the ZnO NWs morphology and density, resulting in huge differences in their photocatalytic
efficiency, as shown in our previous work [30].

 

Figure 3. Picture of the final microreactor produced according to our method. The inlets (in the
center) and outlets (at the edge) of the reactor are highlighted in color.

The best results, in terms of their photocatalytic efficiency, were obtained with the
following parameters: a flowrate of 200 μL·min−1, a solution temperature of 80 ◦C and
a growth time of 1 h. Those parameters allow the growth of ZnO NWs with a mean
diameter of 58 ± 5 nm and a mean density of 64 ± 5 NWs/μm2. Increasing the temperature
or the flowrate leads to the creation of aggregates and zones devoid from NSs in the
microchannels, whereas decreasing the flowrate means smaller NWs diameter and density.
Changing the growth time still leads to the NWs obtaining, but has an effect on their density
and mean diameter, and, thus, on their photocatalytic efficiency [30].

The effect of the flowrate on the NSs is linked to the availability of the precursors in
the solution: when the flowrate is too low (i.e., under 100 μL·min−1), the precursors are
not regenerated quickly enough compared to the reaction kinetics, leading to a limited
total reaction rate, and as such, less and smaller NWs in the same reaction time. On the
other hand, when the flowrate increases too much (above 200 μL·min−1), the size of the
depletion layer, defined as the layer in the flow above the bottom of the samples, where
there is no precursor, as they are consumed by the reaction, decreases. This means that
the precursors are more available for the reaction, promoting the NWs growth and their
agglomeration into big clusters [30].

When the temperature increases above 80 ◦C, the solubility of the gases in the solution
diminishes. As the ZnO growth reaction produces NH3 (see Equation (4)), this leads to the
apparition of gas bubbles in the microchannels, creating zones where the liquid does not
flow, and where the reaction cannot take place. Combined with the augmentation of the
reaction rate with the temperature, this causes the apparition of zones devoid from any
NSs, and zones where the NSs agglomerate and form clusters [30].

Finally, the effect of the growth time is simply linked to the reaction kinetics: a smaller
growth time leads to smaller and less dense NWs, and a higher growth time leads to
bigger and more dense NWs [30]. The effect of the different growth conditions on the NSs
was measured thanks to SEM observations. The obtained images for each of the different
growth conditions are summarized in Figure 4.
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Figure 4. SEM images of the ZnO NWs obtained in the microreactor depending on the different
growth conditions: effect of flowrate (a), effect of growth time (b), effect of the growth temperature
(c) and the best growth conditions: 200 μL/min, 1 h, 80 ◦C (d) (reproduced from [30] with permission
of the Royal Society of Chemistry).
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2.4. ZnO Photocatalytic Activity Improvement Strategies

As a large band gap semiconductor, ZnO is particularly interesting as a stable photo-
catalyst with appropriate band-level potential energy to oxidize water and reduce oxygen,
to provide radicals for the photocatalytic degradation of organic pollutants. Nevertheless,
in view of an application under natural sunlight, extending the ZnO light absorption will be
necessary. Indeed, ZnO is only able to absorb ~5% of natural sunlight, which corresponds
to UV light. Increasing the quantity of light that the samples are able to absorb would
help accelerate the photocatalytic reaction, and so, increase their photocatalytic efficiency.
Another objective is to maximize the lifetime of the photo-generated electron-hole pairs, as
this will increase their chances of producing the radicals needed by the reaction. Thus, until
now, many strategies were developed to improve the ZnO light absorption, such as playing
on the synthesis parameters and oxygen defects in the structure [42,43], by introducing
non-metallic ions such as carbon (C), nitrogen (N), fluorine (F) [4] or metallic ions, such as
iron (Fe), lead (Pb) or chromium (Cr) in the hydrothermal growth solution, and thus in the
ZnO band gap [44,45], or the synthesis of ZnO composites with other semi-conductors [5].

In our work, we studied the modification of ZnO with carbon. According to the
literature, the addition of carbon can be done by several routes, such as nanocomposites
synthesis [46–48], surface modification by adsorption and calcination of carbonaceous
species on the surface of the as-grown ZnO NSs [49,50], and carbon introduction in the
ZnO lattice by adding carbonaceous species during the synthesis of the NSs [51,52]. To
introduce carbon in the ZnO lattice, the Zn(NO3)2 salt was replaced by Zn(Ac)2 in the
hydrothermal growth solution (Figure 2a). SEM observations showed the good distribution
of ZnO NWs grown with nitrate zinc salt (ZnO–N) with a diameter of 50 ± 7 nm, a length
of 1.79 ± 0.10 μm and a density of ~3 × 109 NWs/cm2. A good distribution of NWs
grown with acetate zinc salt (ZnO–A) was also observed with a diameter of 65 ± 8 nm, a
length of 2.655 ± 0.1 μm and a density of ~2 × 109 NWs/cm2 (Figure 5a). As morphology
investigation revealed, ZnO–A NWs are larger and longer than ZnO–N NWs. In accordance
with the literature, an impact of the counter ion used is observed [53]. The use of zinc acetate
salt for NWs growth enhances the capping effect, inhibits the rates dissolution and aids the
aging and growth of the ZnO NWs [54]. Indeed, acetate ions will be selectively adsorbed
during the growth and the intercalation will extend the NWs along the c-axis [48,55]. Gap
measurements suggested the acetate ions adsorbed during the growth and post-annealing
seem to contribute to the ZnO band gap reduction (3.18 eV against 3.21 eV) [56].

As already mentioned, another studied strategy was to dope ZnO with transition
metals. This strategy is based on the addition of transition metal ions in the growth solution.
In short, the samples are synthesized by a simple hydrothermal method, already described
in Figure 2a, with a growth solution containing 1.125 mM of Zn(NO3)2, 0.5625 mM of
HMTA and the appropriate quantity of the doping solution (FeCl3, AgNO3 or Co(NO3)2)
to obtain a molar percentage of 1%, 2%, or 3% in dopant product [44,45]. SEM study showed
quite homogeneous ZnO NWs arrays for all Fe and Co doped samples with aspect ratios
and morphologies similar to those of the undoped samples (Figure 5b). The Ag-doped
samples exhibited a dependence on the dopant concentration, leading to larger and smaller
NWs with an increase in Ag% (Figure 5c). Concerning the gap values, the band gaps
decrease with the increasing dopant quantity (3.10 eV against 3.21 eV).

Unfortunately, this method, for which the efficiency was already demonstrated [44,45],
could not be applied on construction materials due to possible interactions between the
non-conventional substrate and the dopant ions, which could have an adverse effect on
the photocatalytic efficiency under natural sunlight [22]. Thus, for this application, a
post-grown ZnO co-catalyst synthesis was developed to reduce the contact between the
substrate and the doping solution, and thus avoid any interaction between them. The Fe(III)
ion was selected to improve the ZnO NWs light-absorption and photocatalytic activity,
owing to its low-cost, relatively eco-friendly properties and previous results [45]. The Fe(III)
solution was dropped on ZnO NWs grown onto Si (ZnO–A), as described in Figure 2a,
then dried and calcinated to fix the iron oxide on the surface of ZnO NWs. A volume of
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69.8 μL of Fe(NO3)3, whose iron concentration range is included between 8.9 ×10−9 mol
and 4.5 × 10−7 mol, was applied on the sample surface before a drying at 50 ◦C for 30 min
in an oven. Finally, the sample was annealed at 350 ◦C for 1 h in ambient atmosphere to
convert and fix the iron oxide on the ZnO surface (ZnO/FexOy). This co-catalyst synthesis
has shown its effectiveness to extend the range of absorbed light thanks to the deposition
of iron oxide on ZnO NWs as it leads to a decrease of the gap value from 3.27 eV to 3.14 eV
and higher visible light absorption [22]. XRD works did not permit to determine the iron
oxide phase, but by drawing parallel with literature [57,58], strong assumptions on the
FeOOH and Fe2O3 combined presence were made. SEM observations demonstrated a
non-homogeneous deposition of iron oxide and, thus, the need of improving the deposition
process (Figure 5d) [22].

 

Figure 5. UV–visible spectral plots with Tauc-Lorentz model and SEM images of different modi-
fied ZnO NWs: ZnO-A (a), ZnO–Fe 3% (b), ZnO–Ag 2% (c), and ZnO/FexOy (0.06 Fe % vs Zn),
(d) respectively.

3. Photocatalysis for Water Purification

The photocatalytic performances of these developed materials were proved for the
photodegradation of model organic molecules commonly used in the pharmaceutical,
food and textile industries. The selected molecules were three organic dyes: acid red 14
(AR14), methylene blue (MB), and methyl orange (MO). The different dye solutions had
an initial concentration of 10 μM. Samples of ZnO-decorated civil engineering materials
were immersed into 30 mL of dye-contaminated aqueous solution and irradiated with a
UV lamp (Hamamatsu LC8, 4500 mW/cm2, λ = 365 nm) under magnetic stirring. The
photocatalytic process was monitored by UV-visible spectrophotometry every 15 min for
3 h and the degradation efficiency X(%) was estimated thanks to Equation (6):

X(%) =
A0 − A

A0
× 100 (6)

where A0 and A, respectively, stand for the initial and actual absorption peak values at
the wavelength of the maximum absorption for the studied dye (λmax = 665 nm for MB,
515 nm for AR14, and 464 nm for MO). All Si-functionalized samples and functionalized
civil engineering materials demonstrated their ability to degrade the three selected organic
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dyes in less than 3 h [22–24,28]. MO, the most difficult to degrade of our model pollutants
due to its stability, was degrade more slowly (~105 min) than MB and AR14 (~90 min).
The recyclability of the samples was also proved with no losses of efficiency after 5 cycles
of uses [28].

Depending on the growth conditions, either C1 or C2 (Section 2.1), ZnO–N grown on
silicon demonstrated different efficiencies (Figure 6a). These differences can be assigned to
the bigger ZnO–C2 surface area. The same should explain the higher photocatalytic activity
of functionalized tiling and concrete samples after 4 h of hydrothermal growth. Indeed, the
silicon substrate area is around 2.25 cm2 and the civil engineering material substrate areas
are around 6.25 cm2. Larger photocatalytic differences could be expected in regard to the
surface areas difference. The weak gap in efficiency could be explained by the non-optimal
agitation and reactor for civil engineering materials. Then, the photocatalytic efficiency
of functionalized tiling and concrete samples were improved for AR14 degradation by
reducing its growth time synthesis [29].

 

Figure 6. MO degradation with unmodified (a) and modified (b) ZnO grown onto different substrates
under UV light (~365 nm, Ireceived by the sample = 35 mW/cm2).

Previous results on ZnO grown in the conditions C1 demonstrated that all doped
samples showed better efficiency than undoped samples, the most efficient for each dopant
being the ZnO doped with 3% of Fe (ZnO-Fe3%), and 2% of Ag or Co (ZnO–Ag2% and
ZnO–Co2%) [44]. The photocatalytic efficiency enhancement (Figure 6b) can be attributed
to two effects: the reduction of the band-gap energy, allowing more photons to be absorbed;
and the reduced electron–hole recombination rate, thanks to the increase in oxygen va-
cancies and to the dopant ions on the NWs surface. Similar results were obtained with
ZnO–A (C2) samples, which efficiency is better than the one of the ZnO–N (C1 and C2)
samples, demonstrating the efficiency of the modification of ZnO strategies to increase the
photocatalytic efficiency of the samples.

Then, the photocatalytic performances of these optimal functionalized samples were
proved for dye photodegradation under natural sunlight. Under sunny weather, MB and
AR14 were fully degraded in 4 h over the optimal concrete sample and were removed
from water with degradation rates of 98% and 60% for the tiling optimal sample. MO,
which is the most difficult dye to degrade, was degraded at 82% and 58% over concrete
and tiling samples, respectively, in the same conditions [29]. Cloudy weather leads to a
slight decrease in the efficiency with the lowered UV intensity received by the samples, but
still offers excellent photocatalytic activity. In a previous study [22], the efficiency of the
ZnO/iron oxide samples was also evaluated and proved for the MO photodegradation
under natural sunlight. Modifying the ZnO with an optimal ratio of 0.06% of iron (Fe vs.
Zn M) improved the photocatalytic efficiency under natural sunlight with an increase of
11% of the MO degradation, compared to the reference MO degradation with ZnO, after
5 h of irradiation with no iron leaching [22].
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In parallel to these experiments, the photocatalytic efficiency of the ZnO-NSs-based
microfluidic reactors—for which production was described in Section 2.3—was proved by
degrading continuous streams of water polluted with AR14, under UV irradiation (Figure 7).
The obtained results lead to the determination of the optimal synthesis parameters for
the best photocatalytic efficiency (200 μL·min−1, 80 ◦C, 1 h). Thanks to these NSs-based
microfluidic reactor, a 98% photodegradation rate was reached after 4 passes in the reactor,
which is roughly equivalent to 40 s of UV light irradiation [30]. In this same work, the
photocatalysis flow rate influence was studied, and while the optimum was observed
at 200 μL·min−1, very good results were obtained when the flowrate was increased to
500 μL·min−1 (more than 80% of degradation obtained in 5 passes, thus, 50 s of irradiation).
These results are highly encouraging in the aim of designing high flowrate microreactors.

 

Figure 7. Effect of the different growth conditions (a) flowrate, (b) growth time and (c) growth temper-
ature and effect of the augmentation of the photocatalysis flowrate (d) on the photocatalytic efficiency
of the samples for AR14 degradation under UV light (~365 nm, Ireceived by the sample = 35 mW/cm2,
reproduced from [30] with permission of the Royal Society of Chemistry).

Thus, these results imply that ZnO NSs could be used on different substrates and
under different modes for environmental remediation by photocatalysis under UV light
and natural sunlight, with no particular need to dope or modify the ZnO NSs. Nevertheless,
modified ZnO led to an improved photocatalytic efficiency.

4. HPLC-MS Analysis and Comparison with UV-Visible Results

The photocatalytic results presented in the previous parts were obtained by UV-visible
spectroscopy. This kind of analysis is very efficient to quickly estimate the degradation rate
of the pollutants but does not give any information on the degradation mechanism or on
the remaining compounds in the effluent solution. This could lead to considering effluents
in which dangerous compounds remain as safe. Thus, a more sensitive analytic method is
required to ensure the harmlessness of the effluents.

High-Performance Liquid Chromatography coupled with Mass Spectrometry (HPLC-
MS) is a very powerful method [59], widely used in the detection and quantification of
several different compounds. This method is, for example, used to detect active compounds
in medicinal herbs [60], or to identify medicaments that are new [61,62] or counterfeit [63].

125



Crystals 2022, 12, 308

However, it requires much more preparation and more expensive equipment than UV-
visible spectrometry.

We already followed the degradation of BM by ZnO NWs samples, synthesized under
the conditions C1 (see Section 2.1), by UV-visible spectroscopy and by HPLC-MS analysis
in our previous work [24]. We found that, even if MB absorbance reaches zero, HPLC-MS
is still able to detect MB in the effluents, and that the concentrations calculated from UV-
visible spectroscopy are lower than the ones obtained from the HPLC-MS results. However,
according to the two different methods, even if there is still MB in the effluents at the end
of the photodegradation, the final effluents are safe for humans, in regard to their MB
concentration (14 μg·L−1), and proving that the photocatalytic degradation by ZnO NWs is
an efficient method to purify water from organic pollutants.

In light of the results obtained with MB, we performed the same experimental protocol
on AR14, still following the degradation by UV spectroscopy and HPLC-MS. The UV-visible
results are presented in Figure 8a, and showed a degradation rate of 95% after 90 min, and
a degradation rate higher than 99% after 135 min. The mobile phase composition of the
HPLC-MS analysis was adapted from literature [64], and the HPLC-MS parameters are
summarized in Table 1.

 
Figure 8. (a) UV-visible photodegradation results of AR14 by ZnO NWs (grown conditions (1), 4 h,
90 ◦C) under UV light and (b) comparison of the AR14 degradation results depending on the analytic
method (UV light: ~365 nm, Ireceived by the sample = 35 mW/cm2).

Table 1. HPLC-MS parameters of the analysis of AR14.

HPLC

Mobile phase Acetonitrile 20% (volumic)
Aqueous ammonium acetate (0.05 M) 80% (volumic)

Flowrate 0.2 mL·min−1

Injection volume 20 μL

Mass spectrometer

Polarity Negative
Frequency Extended Dynamic Range 2 GHz
Mass range 50–1700 m/z

Examining the AR14 degradation by HPLC-MS showed the disappearance of both the
AR14 chromatography and MS peaks after 90 min under UV light. The HPLC-MS results
could only be used for the calculation of the remaining AR14 concentration for the first
60 min, as the AR14 detection decreased below the quantification limit of the device after
that time stamp. The obtained results are presented in Table 2.
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Table 2. HPLC-MS photodegradation results of AR 14 by ZnO NWs under UV light.

Time (min) m/z 288 Peak Area
Calculated

Concentration (μM)
Calculated

Degradation Rate

0 2,963,405 8.59 0%
15 2,370,033 6.87 20.02%
30 151,015 4.38 49.01%
45 605,947 1.76 79.55%
60 174,369 0.51 94.12%

Comparing the results obtained from HPLC-MS and from the UV-vis demonstrates
that, conversely to what was observed for MB, HPLC-MS seems to overestimate the
degradation results. This could be due to the parasitic molecules we detected in the
reaction mix, which could be increasing the absorbance of the reaction mix, thus decreasing
the degradation rate calculated from the UV-visible results. The comparison curves of the
two results are shown in Figure 8b.

Unfortunately, no degradation product was identified in the reaction mix, and we
could not provide a degradation mechanism for the degradation of AR14. This might be
due to a variety of factors, such as the short lifespan of the degradation products, making
them disappear before the analysis, or their quantity being too low to be detected even by
the HPLC. However, we could calculate the concentration of AR14 in the reaction mix after
60 min, and found it to be of 0.51 μM, which corresponds to 254 μg·L−1. Considering the
degradation continues for 105 more minutes, we can make the hypothesis that the actual
final concentration will be even lower than 254 μg·L−1.

It is still possible to compare the concentration we calculated after 60 min to the safety
limits recommended by literature and governments. In the EU, the quantity of AR14 in
food and drinks must stay in the 50–500 mg·L−1 interval, depending on the considered
food and drink types [65]. According to the AR14 Safety Data Sheet, its toxicity threshold
for algae is 34.82 mg·L−1 for 3 days. Finally, chronic toxicity is reached with a concentration
of 1% AR14 in water [66]. Thus, with their calculated concentration of 254 μg·L−1, we can
state that our effluents are safe, both for humans and for the environment.

5. Conclusions

This work is a review of our previous works on the development of ZnO NSs-based
photocatalyst materials by hydrothermal synthesis and their photocatalytic activity for
organic dyes removal. Firstly, the universality and the feasibility of the synthesis method
were presented from the initial Si substrates to non-conventional substrates such as civil
engineering materials, allowing for the obtaining of ZnO NSs with gap values from 3.18 eV
to 3.23 eV and ZnO Wurtzite XRD peaks. In this section, a short summary on microfluidic
cells development and their main results are also presented. Strategies developed to
reduce the ZnO band gap and improve its photocatalytic efficiency are also introduced by
demonstrating how modifying ZnO with carbon, doping ZnO with transition metal ions,
and synthesizing ZnO/iron oxide co-catalyst via simple processes are easily adaptable
to the industry, improving the photodegradation efficiency. Then, this paper displayed
the photocatalytic results of the different kinds of samples under classic and microfluidic
modes, and under UV and solar light, for the degradation of MO, AR14 and MB. Excellent
results were obtained with a total degradation of the three dyes after 3 h under UV light, as
well as very promising results under natural sunlight, even on cloudy days. Furthermore,
the effect of the used substrates and the growth conditions on the kinetics and efficiency of
the photodegradation were discussed. Lastly, this paper investigated the photodegradation
results obtained with HPLC-MS for MB and AR 14, by comparing them with the UV-visible
results, and used the previous method to demonstrate that the final effluents after the
degradation are safe for humans and the environment.
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Abstract: The constant evolution and applications of metallic nanoparticles (NPs) make living organ-
isms more susceptible to being exposed to them. Among the most used are zinc oxide nanoparticles
(ZnO-NPs). Therefore, understanding the molecular effects of ZnO-NPs in biological systems is
extremely important. This review compiles the main mechanisms that induce cell toxicity by exposure
to ZnO-NPs and reported in vitro research models, with special attention to mitochondrial damage.
Scientific evidence indicates that in vitro ZnO-NPs have a cytotoxic effect that depends on the size,
shape and method of synthesis of ZnO-NPs, as well as the function of the cells to which they are ex-
posed. ZnO-NPs come into contact with the extracellular region, leading to an increase in intracellular
[Zn2+] levels. The mechanism by which intracellular ZnO-NPs come into contact with organelles
such as mitochondria is still unclear. The mitochondrion is a unique organelle considered the “power
station” in the cells, participates in numerous cellular processes, such as cell survival/death, multiple
biochemical and metabolic processes, and holds genetic material. ZnO-NPs increase intracellular
levels of reactive oxygen species (ROS) and, in particular, superoxide levels; they also decrease mito-
chondrial membrane potential (MMP), which affects membrane permeability and leads to cell death.
ZnO-NPs also induced cell death through caspases, which involve the intrinsic apoptotic pathway.
The expression of pro-apoptotic genes after exposure to ZnO-NPs can be affected by multiple factors,
including the size and morphology of the NPs, the type of cell exposed (healthy or tumor), stage of
development (embryonic or differentiated), energy demand, exposure time and, no less relevant, the
dose. To prevent the release of pro-apoptotic proteins, the damaged mitochondrion is eliminated by
mitophagy. To replace those mitochondria that underwent mitophagy, the processes of mitochondrial
biogenesis ensure the maintenance of adequate levels of ATP and cellular homeostasis.

Keywords: mitochondria; apoptosis; zinc oxide; nanoparticles

1. Introduction

The almost universal applications of metallic nanoparticles (NP) in daily life increase
the probability of being in constant contact with them; therefore, investigating the beneficial
and harmful effects is of particular relevance. Due to their multiple areas of application,
among the most relevant NPs are zinc oxide NPs (ZnO-NPs). Its usefulness in the biomed-
ical filed is undoubtedly among the most relevant and promising advances. Within the
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nanotechnology industry, it is among the most synthesized NPs, ranking below silver
and gold NPs [1,2]. Even though ZnO-NPs offer essential benefits in many areas, such as
the pharmacological, medical, biochemical, and microbiological, some studies show that
ZnO-NPs can cause harmful effects compared to other metallic NPs such as Fe3O4, Al2O3,
and TiO2 [3–6]. Unlike their therapeutic applications in the oncology field, toxicological
studies have shown that ZnO-NPs can represent a severe danger to specific tissues and
organs, such as the lungs, skin, or muscles, to name a few [6–8]. Therefore, investigating
the potential health risk due to increased exposure has recently generated concern. ZnO-
NPs can enter indirectly through contact or consumption of previously exposed water,
plants, and animals, or they can enter directly through inhalation, dermal contact, ingestion,
or absorption.

ZnO-NP morphology depends on the synthesis process. They may be nanospheres,
nanoplates, nanowires, nanotubes, nanorings, nanocages, nanoflowers, nanoflakes, or
hexagonal. ZnO-NPs penetrate the cell membrane by multiple mechanisms, the most
studied are ion channels (located both in the cell membrane and in the mitochondrial
membrane), specific receptors for metal ions, endocytosis and by direct uptake of ZnO-NPs.
Size and shape play a crucial role. The smaller the ZnO-NPs, the more easily they enter the
cells and the greater the cytotoxic effect (<50 nm), due to the higher surface area/volume
ratio. Morphology plays another relevant role—for example, spherical and hexagonal
shapes penetrate easier than tubular shapes. In terms of surface charge, positively charged
ZnO showed high cellular uptake compared to ZnO with negative charge. Additionally,
the toxicity of nanoparticles, releasing toxic ions, has been considered. Since zinc oxide is
amphoteric in nature, it reacts with both acids and alkalis, giving Zn2+ ions.

Once ZnO-NPs are internalized in the cell, they are distributed in all the organelles,
particularly in the mitochondria [9,10]. The mitochondria is a unique organelle consid-
ered the “energy supply center” of the cell, present in all eukaryotic organisms and all
mammalian cells. Mitochondria are responsible for numerous cellular processes, such
as β-oxidation of fatty acids, amino acid metabolism, pyridine synthesis, phospholipid
modifications, generation of reactive oxygen species (ROS), oxidative stress homeostasis,
cell death/survival, and senescence. It is also well known that, in multicellular organisms,
the number of mitochondria is variable. The number of mitochondria will depend on
energy demands, function, and stage of development [11].

At the structural level, mitochondria are composed of an outer membrane and an inner
membrane; the latter contains proteins involved in the electron transfer chain (ETC). The
integrity of the ETC is crucial for ATP generation; as a result of its activation, reactive oxygen
species (ROS) are generated. ROS are responsible for causing cellular stress, mutations
and induce apoptosis [4]. The mitochondria carries a unique genetic material, which is
characterized by having a circular double-strand (without ends) of nucleic acids called
mitochondrial DNA (mtDNA), containing information to encode 37 genes—of which
13 genes encode for messenger RNA (mRNA), from which 13 mitochondrial proteins are
subsequently obtained. Two genes encode ribosomal RNA (rRNA), and 22 genes synthesize
transference RNA (tRNA). This smaller but no less critical genome is replicated, transcribed,
and translated within the mitochondrial matrix, independently of cell cycle phases. Like
nuclear genetic material, mtDNA is susceptible to genotoxicity produced by chemical
(ZnO-NPs) and physical agents [12]. This review compiles the most relevant mechanisms
leading to mitochondrial dysfunction caused by ZnO-NP exposure.

This review compiles the multiple mitochondrial pathways affected by toxicity after
exposure to ZnO-NPs, among which loss of mitochondrial membrane potential, depletion
of ATP synthesis due to electron transport chain abnormality, mtDNA synthesis, mito-
chondrial biogenesis, cell survival and apoptosis are mentioned in detail. The cytotoxicity
induced by ZnO-NPs depends on numerous factors, such as ZnO-NPs synthesis methodol-
ogy, nanoparticle size, morphology, concentration, exposure time and, not least, the type of
cell exposed. Factors associated with cellular response include the stage of differentiation,
e.g., a differentiated cell versus a cell of embryonic origin and whether the cell is healthy or
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tumorigenic. In the case of differentiated human cells, liver, neuronal, cardiac, epidermal,
fibroblast, blood and other cells were included; and for tumor models: hepatocyte cancer
cell, breast cancer, multiple myeloma cell, cervical cancer, etc. The maximum inhibitory
concentration (IC50) and biological methods to obtain it were investigated. Finally, a con-
cise discussion was made on the most relevant factors involved in the mitochondrial and
cellular response after exposure to ZnO-NPs found in the most updated literature.

ZnO-NPs penetrate the cell membrane via four mechanisms: the first mechanism in-
volves receptors associated with effector proteins that activate multiple signaling pathways.
In the second mechanism, ion channels located in the mitochondrial membrane and cell
membrane facilitate entry into the cytoplasm. The third mechanism is endocytosis—in this
process, a fragment of the lipid cell membrane covers ZnO-NPs, allowing the formation of
vacuoles, which later merge with the membranes of other organelles such as the nucleus
and the mitochondria. The fourth mechanism is direct absorption, in which ZnO-NPs (de-
pending on their size and shape) penetrate the cellular lipid bilayer. The entry of ZnO-NPs
is also facilitated by two specialized zinc transporters—ZnT1 and ZnT2. Zinc dissociation
also occurs, and zinc can penetrate as zinc ions.

2. Impairment of Mitochondrial Biogenesis Induced by ZnO-NPs

Mitochondrial biogenesis is essential to maintain the proper mitochondrial population
and cellular functioning. In humans, it is estimated that >50% of the cytoplasm volume is
occupied by the mitochondrial mass, >30% in cardiomyocytes and >25% in fibroblasts [13].
Under physiological conditions, the induction of mitochondrial biogenesis is associated
with the activation of transcription factors that act on nuclear DNA (nDNA) and mtDNA
to control local (within mitochondria) or cytoplasmic protein synthesis [14]. For example,
exercise increases mitochondrial protein synthesis, resulting in mitochondrial biogenesis in
skeletal muscles [15]. The half-life of mitochondria depends on multiple factors, such as
ATP demand and cellular function. Severely damaged mitochondria will be eliminated by
mitophagy to prevent the release of pro-apoptotic proteins. The fine coordination between
these two opposing processes will determine mitochondrial homeostasis [16,17]. Some of
the factors involved in mitochondrial biogenesis are mitochondrial fission protein 1 (FIS1)
and mitochondrial fission factor (MFF), which promote mitochondrial fission by recruiting
GTPase dynamin-related protein 1 (DRP1) [18,19].

Other factors involved in regulating mitochondrial biogenesis include mitochon-
drial transcription factor A (mtTFA), which drives mtDNA transcription and replication.
The expression of mtTFA is regulated by the peroxisome proliferator-activated receptor
gamma-coactivator 1α (PGC-1α) and PGC-1β, which are the main regulatory proteins of
mitochondrial biogenesis [20]. More recently, the involvement of NF-E2-p45-related factor 2
(NRF2), encoded by the NFE2L2 gene, has gained attention. Free NRF2 translocates to the
nucleus, where it targets the promoters of genes that induce mitochondrial biogenesis [21].
Li et al., [22] in 2013, reported the adverse effects caused in mature human cardiomyocytes
derived from human stem cells after exposure to ZnO-NPs. They proposed that ZnO-NPs
could alter mitochondrial biogenesis, as shown by decreased mitochondrial density, altered
mtDNA copy number, and inhibition of the PGC-1α pathway that eventually lead to mi-
tochondrial depletion. The mtDNA replication and transcription system is activated to
counteract oxidative damage inflicted on the mitochondrial respiratory chain under mild
oxidative stress. When cellular stress increases, mitochondrial biogenesis intervenes to
maintain cellular homeostasis.

Yousef et al., [23] reported similar results in 2019, where they performed a quantitative
analysis of mtFTA and PGC-1α expression in rat-derived liver and kidney cells. The
results showed significant suppression of hepatic mtTFA expression by approximately
62% relative to the control value and, similarly, suppression in PGC-1α expression by
approximately 51% relative to the control group, following ZnO-NP exposure. In addition,
increased expression of the tumor suppressor gene p53, which is involved in the induction
of apoptosis, was documented. On the other hand, mitochondria are highly dynamic
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organelles, constantly undergoing fission and fusion processes in response to changing
energy demands and cellular stress environments. Mitochondrial fusion is mediated
by proteins such as mitofusin 1 (MFN1) and mitofusin 2 (MFN2), located on the outer
mitochondrial membrane [24]. Phosphatidylserine decarboxylase (PSD1), located in the
inner mitochondrial membrane, is involved in the biosynthesis of phosphatidylcholine,
which in turn regulates mitochondrial fusion. Another protein involved is optic atrophy 1
(OPA1), which participates in the inner membrane fusion and apoptosis [25,26].

In 2018, Babele et al., [27] reported that exposure to ZnO-NPs conditioned the release
of mitochondrial PSD1 into the cytosol. This indicated loss of integrity in the inner mito-
chondrial membrane, decreased levels in biogenesis, and defects in lipid metabolism. A
year later, to expand on the toxic effects of ZnO-NPs, Babele et al. combined a proteome and
metabolome analysis. He identified 46 metabolites (including seven unknown). Among
those affecting the oxidative pathway were Super Oxide Dismutase 1 (SOD1), Super Oxide
Dismutase 2 (SOD2), and yeast AP-1 (YAP1). The metabolites involved in lipid biosynthetic
pathways were transcription factor 2 requiring INOsitol (INO2), transcription factor 4
requiring INOsitol (INO4), CHOline requiring CHO1, cardiolipin synthase (CRD1), and
PSD1. The aforementioned metabolites are involved in crucial mitochondrial processes,
i.e., glycolysis, the tricarboxylic acid cycle (TCA), pentose phosphate pathway, and central
carbon metabolism (CCM) in the Saccharomyces cerevisiae model [28]. Up to 10% of the
proteins encoded by the human genome interact with zinc ions. Approximately 3000 pro-
teins interact with zinc ions, acting mainly as a cofactor [29]. Therefore, determining how
ZnO-NP are internalized, transported, and distributed within the cell and mitochondria is
of particular interest. Zinc transporter 2 (ZnT2) was the first zinc transporter found. In 2020,
Chevallet et al., [30] reported a 30- to 40-fold dose-dependent overexpression of ZnT2 in
human hepatocytes (HepG2) with a dose-dependent effect. This proposed active sequestra-
tion of ZnO-NPs into mitochondria by ZnT2. Abnormalities in mitochondrial morphology
were also reported, suggesting disruptions in mitochondrial fission and fusion dynamics
after exposure to ZnO-NPs. Skin cells are among the most exposed tissues due to the use
of sunscreens and beauty products. In 2013, Yu et al. showed in normal mouse-derived
skin the alteration of mitochondria; ZnO-NP exposure negatively affects mitochondrial
network and biogenesis after 48 h of exposure [31]. In 2020, Khan et al. proposed that
dose-dependent abnormalities in mitochondrial morphology and a significant increase in
apoptotic behavior in human skin carcinoma A431 cells compared to normal renal epithelial
NRK-52E cells may be due to a higher expression of anionic membrane phospholipids
in cancer cells [32]. Table 1, presents numerous cytotoxicity studies in various biological
systems, both in embryonic cell lines and in differentiated human and non-human cells,
healthy and tumor cells, exposed to ZnO-NPs. Morphological characteristics are described,
as well as dose, time and molecular analysis, to facilitate comparative analysis.

Figure 1, shows a compilation of the main molecular pathways involved by exposure to
ZnO-NPs, including their entry into the membrane, effect on the cell nucleus, mitochondria
and, finally, activation of apoptosis.
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Figure 1. An integrated overview of the molecular pathways activated by ZnO-NP exposure inside
the cell, while also summarizing the initial mitochondrial effects such as increased mitochondrial
biogenesis, the potential depolarization of the mitochondrial membrane, increased ROS produc-
tion, and the cumulative effects of ZnO-NPs leading to activation of the intrinsic (mitochondrial)
pathway of programmed cell death. 1. ZnO-NPs penetrate the cell membrane via four mechanisms:
the first mechanism occurs when ZnO-NPs interact with receptors embedded in the cell membrane,
which, in association with the effector, function as second messengers, activating other signaling
pathways. The second mechanism occurs when ion channels facilitate entry into the cytoplasm.
The third mechanism is endocytosis—in this process, a fragment of the lipid cell membrane covers
ZnO-NPs, allowing the formation of vacuoles, which later merge with the membranes of other
organelles such as the nucleus and the mitochondria. The fourth mechanism is direct absorp-
tion, in which ZnO-NPs (depending on their size and shape) penetrate the cellular lipid bilayer.
The entry of ZnO-NPs is also facilitated by two specialized zinc transporters, called ZnT1 and
ZnT2. Zinc dissociation also occurs, and zinc can penetrate as zinc ions. The effects of ZnO-NPs
depend on the dose, the exposure time, the size of the nanoparticles—as mentioned above, the
smaller the size, the greater the cytotoxic effect—and also the shape (spherical, hexagonal, tubular,
etc.) [9,10,36] 2. ZnO-NPs, such as Zn ions, readily enter all cellular compartments, including
mitochondria, mainly through mitochondrial ion channels, conditioning the voltage change and
depolarization of the inner mitochondrial membrane. Within the inner membrane, there is also
the protein complex that constitutes the electron transport chain responsible for the synthesis of
ATP. ZnO-NPs not only induce a decrease in MMP due to ion channel damage but also cause
a decrease in ATP production and an increase in ROS production [13]. 3. The increase in ROS
levels in the cell nucleus causes direct damage to the genetic material (double-strand breaks and
the oxidation of nitrogenous bases), induces a greater expression of the PGC-1α and PGC-1β
factors in the nucleus, and promotes mitochondrial biogenesis, to compensate for the increased
energy demands [15,16,21] 4. mtDNA replication and transcription pathways are simultaneously
activated. mtDNA number is significantly increased in cells exposed to ZnO-NP to counteract
mitochondrial oxidative damage under mild oxidative stress [31]. 5. As cellular stress increases,
the pathways to compensate for the damage trigger the release of pro-apoptotic proteins, such as
BCL-associated protein X-2 (BAX) and/or BCL antagonist/killer-2 (BAK). Activated BAX or BAK
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forms pores in the mitochondrial membrane, leading to the release of apoptogenic molecules [34,35,47]
6. leads to the release of pro-apoptotic proteins, including cytochrome-c and Apaf-1. 7. Finally, pro-
caspase-9 is added, to form the apoptosome, which promotes the activation of pro-caspase-3 and pro-
caspase-7 and conversion to caspase-3 and caspase-7, respectively; this protein complex will initiate
cell dismantling and lead to apoptosis. ROS: reactive oxygen species; MMP: mitochondrial membrane
potential; ZnO-NPs: zinc oxide nanoparticles; Cit-c: cytochrome-c; APAF-1: apoptosis protease-
activating factor-1; ZnT1, ZnT2: Zinc transporter 1/2; mtDNA: mitochondrial DNA; BAX: BCL-
2-associated X protein; BAK: BCL-2 antagonist/killer; PGC-1α: peroxisome proliferator-activated
receptor gamma-coactivator 1α and 1β [61–63].

3. Apoptosis Induction ZnO-NPs

To maintain normal tissue function, damaged or aged cells are constantly eliminated
by apoptosis. There are two routes to initiate apoptosis: the extrinsic pathway, conditioned
by the binding of extracellular factors to the receptors present in the plasma membrane, and
the intrinsic pathway, mediated by the action of mitochondrial factors [64]. The intrinsic
apoptosis pathway is activated by physical (radiation), chemical (ZnO-NPs), or biological
(viruses) stimuli. The BCL-2 family proteins orchestrate the regulation and execution
of this pathway, which includes both pro-apoptosis and pro-survival proteins [65]. To
initiate apoptosis, cellular stress or damage signals turn on the cascade of pro-apoptotic
proteins, such as BCL-2-associated protein X (BAX) and/or BCL-2 antagonist/killer (BAK).
Once activated, BAX or BAK induces mitochondrial pore formation. Provoking the re-
lease of apoptogenic molecules, which includes the second mitochondria-derived caspase
activator (SMAC), serine proteases called caspases, and cytochrome-c derived from the
mitochondrial intermembrane space. The mitochondrial release of cytochrome-c into the
cytoplasm leads to the formation of apoptosomes. These events promote the activation
of the initiator caspase (caspase-9) and executioner caspases (caspases-3, 6, and 7) for the
orderly dismantling of the cell [61,62,66]. Considering the complexity of cancer treatment
and that ZnO-NPs activate the intrinsic apoptosis pathway and caspases, the study of
the cytotoxic response to ZnO-NP exposure in tumor cells is promising. A study per-
formed on gingival squamous cell carcinomas (GSCC) in two human cell lines (Ca9-22
and OECM-1). Showed that ZnO-NPs induced growth inhibition of GSCCs, and did not
cause damage to normal human keratinocytes (HaCaT cells) or gingival fibroblasts (HGF-
1 cells). ZnO-NPs caused apoptotic death of GSCC cells in a concentration-dependent
manner, increased intracellular ROS and specifically superoxide levels. Importantly, antiox-
idant and caspase inhibitors prevent ZnO-NP-induced cell death, indicating that humans’
superoxide-induced mitochondrial dysfunction is related to caspase-mediated apoptosis.
On the other hand, treatment of ZnO-NPs in a dose-dependent condition triggered the
expression of p53, BAX, and cytochrome-c in ovarian and cervical tumor cells. The expres-
sion of caspase-9, caspase-3, cleaved caspase-9 and cleaved caspase-3 in HeLa cells was
increased in cells treated with ZnO-NPs, compared with control cells. Multiple experi-
ments in carcinogenic human hepatocytes HepG2 and HL-7702 cells, human hepatocytes
cancer Huh7 cells, chronic myelogenous leukemia cells, Human colorectal Caco-2, colon
carcinoma HCT116 cells, human cervical cancer SiHa cells and HeLa cells, cell models
such as human ovarian cancer SKOV3, and neuroblastoma SH-SY5Y cells, breast cancer
MDAMB-23 and MCF-7 cells, human head, and neck squamous cell carcinoma FaDu cells,
showed a dose-dependent effect after treatment with ZnO-NPs [38,53,67–69], resulting in
stimulation of the intrinsic pathway of apoptosis with very similar patterns.

ZnO-NPs induced similar changes in transcript levels of diverse proteins, such as p53,
BAX, BCL-2, CYT-c, CAS-9, CAS-8 and CAS-3, with significant differences versus control
cell models. They also documented the induction of apoptosis through oxidative stress-
mediated Ca2+ release, ROS generation, and loss of mitochondrial membrane potential.
Tumor cells have an increased susceptibility to ZnO-NP exposure. ZnO-NPs also induce
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apoptosis in germ ovarian germ cells CHO-K1, male germ Leydig and Sertoli cells (mouse
model), causing time-dose-dependent damage, genotoxicity caused by increased ROS,
and loss of mitochondrial membrane potential was reported. In addition, injection of
ZnO-NPs into male mice caused structural alterations in the seminiferous epithelium and
sperm abnormalities [58,59]. In 2020, Sruthi et al. [60], proposed a non-apoptotic mode of
cell death following exposure of ZnO-NPs in murine microglial BV-2 cells. By triggering
an accumulation of ROS favoring altered and increased plasma membrane permeability
and also loss of mitochondrial membrane potential, leading to the formation of “ghost
cells” without apoptotic features, there was no caspase-3 or PARP fragmentation in BV-2
cells. However, an adaptive response involving increased mitochondrial biogenesis cannot
be excluded.

4. Caspases Expression and ZnO-NPs

The caspases are at the core of executing apoptosis by orchestrating cellular destruction
with a proteolytic mechanism. Caspases are a family of at least a dozen cysteine proteases;
they are expressed as inactive proteases [70–72] Caspase activation occurs by cleavage of the
pro-domain and inter-subunit linker, the latter of which is most critical. The mature enzyme
is formed by a dimer containing a small and a large subunit that generates an active site on
each side. Apoptotic caspases are functionally subdivided into initiator (caspases-8, 9, and
10) and effector (caspases-3, 6, and 7), Apaf-1 attaches to cytochrome-c and procaspase-9 to
form a proteic complex called the apoptosome that activates the caspase-3, which finally
initiates apoptosis. Because caspase-3 is involved in the final molecular steps, it is used
as a molecular marker to confirm apoptosis. It is well documented that mRNA levels of
caspase-3, caspase-9, and Apaf-1 increase dose-dependent mode after ZnO-NP exposure.
Thus, ZnO-NPs induce caspase signaling-related protein expression. In a study by Cheng
et al. in bone cancer cells, there is a substantial increase in the protein levels of BAX,
caspase-3 and caspase-9 when treated with ZnO-NPs, compared with control cells. Control
cells displayed a decreased rate of apoptosis.

Cells administered with 50 μg/mL of ZnO-NPs exhibited a higher rate of apoptosis
than cells supplemented with 30 μg/mL of Zn-ONPs [53,73–75]. Tumor cells show greater
susceptibility to apoptosis after exposure to ZnO-NPs. Considering that the molecular
changes in cancer cells include resistance to apoptosis, which can lead to immortality and
a high rate of cellular division, ZnO-NPs undoubtedly constitute a very promising line
of therapeutic research. Pro-apoptotic and anti-apoptotic molecules, such as p53 and the
B-cell lymphoma 2 (BCL-2) family, closely regulate apoptosis. ZnO-NPs treatment causes a
significant increase in mRNA expression of cell cycle checkpoint proteins p53, BAX, and
caspase-3 and downregulates anti-apoptotic BCL-2 proteins in epidermoidal carcinoma
cells. A similar effect in the overexpression of p53 was reported in hepatocytes and kidney
tissue after oral administration in rats with ZnO-NPs. ROS induces the translocation, phos-
phorylation, and cleavage of pro-apoptosis BCL-2 members, leading to the induction of
apoptosis. Caspase-9 and caspase-3 activation can be completely abolished by the presence
of antioxidants, which confirms that is a ROS-dependent pathway in ZnO-NP-induced
apoptosis [33,76]. On the other hand, there are reported differences in apoptotic gene
expression between fresh and aged ZnO-NPs. Wang et al., in 2020, reported at least a
dozen apoptosis genes that were significantly overexpressed in fresh ZnO-NP-exposed
cells, compared to only half of the genes overexpressed in human peripheral blood T lym-
phocyte cells after addition of aged ZnO-NPs; interestingly, the expression of caspase-3 was
not significantly changed [77]. ZnO-NPs are used in numerous dermatological products,
cosmetics and sunscreens. Application of ZnO to the skin increases the level of zinc ions
in the epidermis, then in the systemic circulation, and finally in the urine; although the
amount that penetrates the skin and enters the circulation is low, it can be detected in urine
and blood. Therefore, in vivo studies on blood cells, including erythrocytes, lymphocytes,
monocytes, eosinophils, and platelets, are essential. In a study using 100–130 nm ZnO-NPs,
lymphocytes were found to be the most sensitive to the action of the NPs. Human B lym-
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phocyte and human monocyte cell lines were the most susceptible to the activity of 100 nm
diameter nanoparticles. In contrast, human T lymphocytes and human promyelocytes were
slightly more sensitive to 130 nm ZnO-NPs. Human promyelocytes are the most resistant
to ZnO nanoparticles, while human monocytes are the most sensitive. When exposed to
ZnO-NPs with a diameter of 15–24 nm, human lymphocytes display a dose-dependent
decrease in mitochondrial activity. Khan et al., [35] in 2015, found ROS elevation and
hemolytic action conditioned by ZnO-NPs in human erythrocytes. In contrast, in human
eosinophils, ZnO-NPs delays apoptosis through caspase suppression and de novo protein
synthesis. This evidence demonstrates that although caspases are ubiquitous proteins in all
multicellular systems, cell type, energetic demands and their functions play an important
role and influence susceptibility to apoptosis [35–37,78].

5. Effect of ZnO-NPs in Mitochondrial Membrane Potential

Mitochondrial membrane potential (MMP) maintains efficient ATP synthesis and an
appropriate proton gradient across its lipid bilayer; also its integrity plays a vital role in
inducing apoptosis. The effects of ZnO-NPs on MMP are widely studied. Pro-apoptosis
BCL-2 family proteins also induce the permeabilization of the outer mitochondrial mem-
brane, as well as modulate mitochondrial homeostasis for contributing to the loss of MMP.
There is a strong correlation between MMP and ROS production and it is widely accepted
that mitochondria produce more ROS at a high membrane potential. Depolarization of
MMP produced either by a closure of the mitochondrial permeability transition pore or
inhibition of ATP synthase is associated with increased ROS production. Additionally, the
mitochondrial permeability transition pore has been demonstrated to induce depolarization
of MMP, release of apoptogenic factors and loss of oxidative phosphorylation. Wang et al.,
in 2018, reported that ZnO-NPs increased the intracellular ROS level and decreased MMP
in CAL 27 oral cancer cell lines. Similar results were reported in AGS gastric cancer cells,
with significantly reduced MMP levels; this diminution of MMP after inner mitochondrial
membrane permeabilization stimulates the release of several apoptotic factors [40,52,78].

6. Conclusions

This systematic review aimed to include the most recent scientific evidence concerning
the cytotoxic effect of ZnO-NPs in biological models and in particular on mitochondrial
damage in multiple biological models. Since mitochondria are among the most complex
and relevant organelles for cellular homeostasis, it is indispensable to define the most
relevant mechanisms leading to cell dysfunction/death. Although the applications of
ZnO-NPs have revolutionized modern life with unprecedented advances in the medical
field, their harmful and cytotoxic effects cannot be neglected. The unique properties of
ZnO-NPs are dependent on morphology, size, concentration, and exposition period.

The contribution and usefulness of ZnO-NPs in medical oncology is of great interest;
in particular, their contribution in the therapeutic area is increasingly relevant due to the
immense potential in the public health sector because cancer remains among the leading
causes of death worldwide. Tumor cells show a different cytotoxic effect compared to
healthy cells of the same lineage, and the response also varies depending on the exposure
time, size and shape of ZnO-NPs. Due to the heterogeneity in research design, more in vitro
investigations are required, to determine the exact mechanisms of cytotoxicity, and further
clarify the anti-cancer effect of ZnO-NPs. Therefore, it is imperative to perform further
in vitro trials with different tumor lines from the same tissue—for example, the human
cervical cancer cell SiHa and the cervical cancer cell line HeLa—at different concentrations
to properly examine the cytotoxic properties of ZnO-NPs. More emphasis should be given
to the correlation between the size (5–100 nm) and structural shapes, including spherical,
oval, elongated, irregular, and hexagonal, of ZnO-NPs and their mitochondrial toxicity.
Because ZnO-NPs can act as anti-cancer agents against different tumor lines resistant to
conventional chemotherapeutic treatments, they provide a talented substitute approach
to chemotherapies.
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On the other hand, other important characteristic of ZnO-NPs, with the same impact
on public health, are the possible teratogenic effects in embryonic cell models, affecting mi-
gration, cell–cell interaction and cell differentiation as well as intervening in mitochondrial
pathways, as already mentioned.

Since we are certainly in daily contact with ZnO-NPs, more attention needs to be
addressed to them, since bioaccumulation of these elements can occur in plants, food and
aquatic species, with a direct impact on human and environmental health. Table 2 aims to
summarize the most relevant factors involved in the mitochondrial and cellular response
after exposure to ZnO-NPs found in the most relevant literature. We believe that this
systematic review provides information on correlation and impact on future research.

Table 2. Effects triggered after exposure to ZnO-NPs.

Mitochondrial Pathway ZnO-NPs Effect

Mitochondrial biogenesis

↑ mDNA replication and transcription systems.
↑ PSD1 to mitochondrial maintenance.
↑ Mitochondrial biogenesis by PGC-1.
↑ Mitophagy.

Apoptosis induction

↑ p53, BAX, BAK, SMAC and cytochrome-c levels to
induce apoptosis.
↑ DNA fragmentation and cytoplasmic reduction.
↑ Anti-BCL2.

Caspases induction

↑ Pro-caspases-9 and pro-caspase-3 to convert in
activated caspase-9.
↑ Apaf-1.
↑ Apoptosome.

Mitochondrial membrane potential

↑ Mitochondrial membrane potential.
↑ ATP synthase.
↑ Reactive oxygen species.
↑ Mitochondrial pore abnormalities with delivery of
pro-apoptotic proteins.

↑: Increase; mDNA: mitochondrial DNA; PSD1: phosphatidylserine decarboxylase 1; PGC-1: peroxisome
proliferator-activated receptor γ coactivator 1α; p53: p53 protein; BAX; Bax protein; BAK: Bak protein; SMAC: sec-
ond mitochondria-derived activator of caspase; BCL2: B-cell lymphoma-2 proteins; Apaf-1: Apoptotic Peptidase-
Activating Factor 1; ATP synthase: adenosine triphosphate synthase.
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Abstract: Unique properties of thermoelectric materials enable the conversion of waste heat to
electrical 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 understanding 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 manufacturing to
useful electrical energies [1–4], which can potentially bring lucrative economic profits [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 thermoelectric
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-quality and
excellent-performance thermoelectric materials.

In the 1950s, researchers focused on conventional materials such as Bismuth telluride
(Bi2Te3,) 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 stability
at high temperatures of these materials limit their feasibilities in thermoelectric applications.
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 conventional thermoelec-
tric materials to exploratory ventures of novel thermoelectric materials. Of the investigated
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materials, metal oxides offered excellent stability and oxidation resistance and are pri-
marily safe [12–14,17]. These properties complement the limitations of the conventional
thermoelectric materials (Bi2Te3, 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 operations in metal oxides [12]. Having said
that, many studies have been reported on the excellent 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 employed.

The ZT value of thermoelectric materials is determined using an equation ZT =
(S2σT)κ−1, where S is the Seebeck coefficient, σ is the electrical conductivity, κ 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 S2σ 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 performances. 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 conductivity,
which are theoretically interdependent [13,24,29,30]. The alteration of these parameters
involves complex, fundamental physics, including modification of carrier concentration,
band structures, vacancies, defects, etc. [29]. These complex insights significantly disrupted
the development of ZnO thermoelectric materials [5,31,32].

2. Zinc Oxide (ZnO)

ZnO is a promising n-type thermoelectric material [2,33–37] and an iconic repre-
sentation of group II-IV compound semiconductor material [6,15,23,38,39]. The n-type
semiconductor behaviour originated from the ionisation of excess zinc atoms in interstitial
positions 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 mobility
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 c = 5.206 Å) 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 1a). 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 1b, 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 semiconductor 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
c, bond length u, the nearest neighbour distance b, and three types of second-nearest-neighbour
distances b´1, b´2, and b´3. [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, including
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 μV/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
values and lower thermal conductivity in ZnO ceramics. The strategies used include nanos-
tructuring 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 conductivity of ZnO,
which include nanostructuring and doping approaches. This review seeks to provide a
comprehensive compilation of the available strategies for enhancing the thermoelectric
properties of ZnO, which can serve as a useful preliminary guide for the further develop-
ment 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 reduce
the thermal conductivity of many thermoelectric material systems to improve their thermo-
electric 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, com-
monly 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 Fig-
ure 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 ap-
proach, 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
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corresponding thermal conductivity can be explained using the Callaway model [15,68,69],
where the thermal conductivity of nanostructured ZnO can be expressed as:

κ = CT3
∫ θD/T

0

x4ex(ex − 1)−2

αT4x4 + (β1 + β1)T5x2 + v/L
dx + κ2 (1)

Figure 2. Comparison of nanostructuring and non-nanostructuring approach on the ZT value of ZnO
ceramics over temperature.

C is an arbitrary constant in the Callaway equation which can be expressed as:

C =
kβ

2π2v

( kβ

h

)
(2)

and x can be expressed as:

x =
hω

kβT
(3)

The key parameters can be found in Refs. [15,68,69]. For ZnO nanostructured thermo-
electric 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 (κ) of the nanostructure.

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 approaches [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 thermal conductivity, whereby
the corresponding ZT value was reduced, affecting its overall thermoelectric properties [71].
It can also be observed that ZnO nanoparticles demonstrated increasing ZT values at
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higher temperatures attributed to the temperature-dependency of ZnO grain size. Higher
temperatures yielded smaller ZnO grains, favouring the ZT value and thermoelectric
properties [72].

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 ZnO’s
thermal conductivity values are complex (e.g. carrier concentration, electrical conductivity,
grain size, etc.). Such complexity remains an obstacle in realising ZnO-based thermoelec-
tric materials. Fundamentally, the thermal conductivity (κ) of ZnO nanoparticles can be
expressed as the sum of two portions, phonons and electric charge carriers, as referred to
in equation κ = κlat + κele [24], where κlat is the lattice thermal conductivity that arises from
heat transport phonon conducted through the crystal lattice and κele 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 conductivity 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
scattering at grain boundaries [74]. Thus, refining grain sizes and the control over nano-
microstructures of ZnO can reduce its thermal conductivity and align well with the Call-
away model [8,15,21,27,75]. However, refining grain size also increases the electron scat-
tering 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 scattering. Consequently, lower thermal conductivity is achieved with more elec-
tron 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
emphasised 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 nanostructuring
approach compared to their non-nanostructuring counterparts. According to Kinemuchi
et al. [70], it can be computed using the Callaway formula that the thermal conductivity 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.

Biswas et al. synthesised 1 at% Al with 1.5 wt % RGO into ZnO using the solvothermal
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 Zn0.975Al0.025O via
rapid and scalable microwave-activated aminolytic decomposition of zinc and aluminium
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 (ZnAl2O4)
nano precipitates. Additionally, Zhang et al. [65] reported that micro/nanostructured
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Zn0.98Al0.02O could be successfully fabricated via hydrothermal synthesis and spark plasma
sintering. The effective scattering on the boundaries and interfaces reduced the thermal
conductivity value to κ= 2.1 W/mK at 1073 K, leading to a high ZT value, 0.36 at 1073 K.

Figure 3. Effects of grain size on the thermal conductivity of ZnO ceramics at different temperatures.

Meanwhile, Nam et al. [2] reported a ZT value of 0.34 at 1073 K from the synthesised
Zn0.98Al0.02O. 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 conduc-
tivity was successfully reduced to 7.6 W/mK at room temperature, as it decreased with
increasing temperature (κ700K was ~3.2 W/mK and κ1000K was < 2.0 W/mK). The thermal
conductivity is reduced due to increasing phonon scattering at nanograin boundaries and
nano precipitates. It also substantiated the observations in Figures 2 and 3, where the
nanostructuring approach yielded ZnO nanocomposites with higher ZT values compared
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
produced 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
Zn0.97Al0.03O synthesised using the hydrothermal method of zinc and aluminium salts. The
nanostructuring 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 effec-
tively refine ZnO grain growth, resulting in smaller grain size. The next section discusses
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
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in minimal quantities to intrinsic semiconductors to alter their behaviour or physical
properties. Fundamentally, the Seebeck coefficient can be expressed by Joker relation as:

S = ATm∗
( π

3n

) 2
3 (4)

Meanwhile, the electrical conductivity of the thermoelectric materials can be expressed as:

σ = neμ (5)

The definitions of the key parameters can be found in Ref. [82]. As the electrical
conductivity (σ) and the Seebeck coefficient (S) are both a function of the carrier concen-
tration (n), it can be deduced that higher carrier concentration leads to higher electrical
conductivity but lower Seeback coefficient. Thus, an optimal doping condition is required
to obtain 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 significantly affect
the electrical properties and thermoelectric performances of ZnO [84]. In this section, the
dopings of ZnO and their resulting thermoelectric properties are briefly discussed. Based
on the review, it can be observed that Al-doped ZnO and Gallium-doped ZnO demon-
strated the best thermoelectric performances due to the high stability and distinguished
thermopower [1]. The aluminium (Al) and gallium (Ga) dopants in ZnO increased the
electrical conductivity of ZnO, thereby enhancing its thermoelectric performances [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 conductivity
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 electrical 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].

Table 1 summarises the thermoelectric properties of Al-doped ZnO. It can be deduced
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 indicated readily
allowable electric charge movement favouring the thermoelectric performance of ZnO [86].
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Table 1. Thermoelectric properties of Al-doped ZnO.

Composition/Synthesis Method Thermoelectric Properties Ref

(Zn0.99Al0.01)O/Solution combustion ZT = 0.05, S = ~−148 μV/K, σ = ~21,000 S/m, PF = ~48,000 W/mK2,
κ = 8 W/mK at 590 ◦C

[51]

ZnO/RF plasma powder ZT = ~0.007, S = ~−386 μV/K, σ = ~369 S/m, PF = ~0.55 × 10−4 W/mK2,
κ = 8 W/mK at 777 ◦C

[21]
(Zn0.99Al0.01)O/RF plasma powder ZT = 0.04, S = −68 μV/K, σ = ~86,505 S/m, PF = ~4 × 10−4 W/mK2,

κ = 10.6 W/mK at 777 ◦C

(Zn0.98Al0.02)O/Solid-state reaction ZT = 0.3, S = −180 μV/K, σ = 40,000 S/m, κ = 5.4 W/mK at 1000 ◦C [55]

ZnO/Nylon-lined ball mill ZT = 0.028, S = −318 μV/K, σ = ~2037 S/m, PF = ~2.06 × 10−4 W/mK2,
κ = 8 W/mK at 800 ◦C [53,66]

(Zn0.98Al0.02)O/Nylon-lined ball mill ZT = 0.3, S = −182 μV/K, σ = ~39,971 S/m, PF = ~13.24 × 10−4 W/mK2,
κ = 5 W/mK at 1000 ◦C

(Zn0.98Al0.02)O/Solution method ZT = 0.34, S = ~−148 μV/K, σ = ~29,000 S/m, κ = ~2 W/mK at 800 ◦C [2]

(Zn0.98Al0.02)O/Forced hydrolysis method ZT = ~0.3, S = ~−205 μV/K, σ = ~18,798 S/m, κ = ~3.2 W/mK at 950 ◦C [50]

ZnO/Solid-state reaction ZT = ~0.009, S = ~−107 μV/K, σ = ~2500 S/m, κ = ~3.1 W/mK at 700 ◦C
[80](Zn0.98Al0.02)O/Solid-state reaction ZT = ~0.031, S = ~−133 μV/K, σ = 5400 S/m, κ = ~3 W/mK at 700 ◦C

(Zn0.975Al0.025)O/microwave synthesis ZT = 0.44, S = ~−300 μV/K, σ = ~10,000 S/m κ = ~2 W/mK at 727 ◦C [16]

ZnO/Sol-gel method ZT = ~0.007, S = −240 μV/K, σ = ~1563 S/m, κ = ~9.8 W/mK at 500 ◦C
[67](Zn0.97Al0.03)O/Sol-gel method ZT = ~0.02, S = ~−81 μV/K, σ = ~37,500 S/m, κ = ~9.5 W/mK at 500 ◦C

ZnO/Chemical co-deposition method ZT = ~0.009, S = ~−250 μV/K, σ = ~1333 S/m, κ = ~8.3 W/mK at 600 ◦C
[22](Zn0.97Al0.03)O/Chemical

co-deposition method ZT = 0.15, S = ~−240 μV/K, σ = ~15,000 S/m, κ = ~5 W/mK at 600 ◦C

The thermal conductivity of ZnO is higher at room temperature (40 W/mK) and
decreases 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
thermoelectric 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 increased,
subsequently increasing electrical conductivity and decreasing thermal conductivity [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.
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Table 2. Thermoelectric properties of Ga-doped ZnO.

Composition/Synthesis Method Thermoelectric Properties Ref

ZnO/Nylon-lined ball mill ZT = ~0.076, S = ~−430 μV/K, σ = ~1622 S/m,
PF = ~3 × 10−4 W/mK2, κ = 5 W/mK at 1000 ◦C

[66]
(Zn0.98Ga0.02)O/Nylon-lined ball mill

ZT = ~0.13, S = ~−180 μV/K, σ = ~16,600 S/m,
PF = ~5.38 × 10−4 W/mK2, κ = 5 W/mK at

1000 ◦C

(Zn0.995Ga0.005)O/high energy wet milling ZT = ~0.0022, S = ~−133 μV/K, σ = ~10,989 S/m,
κ = 26.9 W/mK at 27 ◦C [87]

ZnO/Wet chemistry gel combustion method ZT = ~0.0022, S = ~−312.5 μV/K, σ = ~197 S/m,
κ = ~9.4 W/mK at 800 ◦C

[78]
(Zn0.98Ga0.02)O/Wet chemistry gel combustion method ZT = ~0.026, S = ~−562.5 μV/K, σ = ~268 S/m,

κ = ~3.5 W/mK at 800 ◦C

(Zn0.99Ga0.01)O/Atomic layer deposition S = 60 μV/K, σ = ~180,832 S/m,
PF = ~6.6 × 10−4 W/mK2 [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 excellent
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 struc-
ture [34,46]. Table 3 indicates the thermoelectric properties of Ni-doped ZnO. The addition
of Ni to ZnO with the composition Zn1-xNixO (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 μm) 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 (Zn0.97Ni0.03)O powder [34]. Meanwhile,
Ni-doped ZnO with the composition of x < 0.03 demonstrated a dense microstructure 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 pinning
effects. This observation exhibits a trade-off in Ni-doped ZnO thermoelectric materials [46].

Table 3. Thermoelectric properties of Ni-doped ZnO.

Composition/Synthesis Method Thermoelectric Properties Ref

ZnO/Precipitation ZT = 0.002, S = ~−517 μV/K, σ = ~50 S/m, κ = 8 W/mK at 700 ◦C
[23](Zn0.97Ni0.03)O/Precipitation ZT = 0.02, S = ~−306 μV/K, σ = ~1790 S/m, κ = 8 W/mK at 700 ◦C

ZnO/Tape casting method PF = 0.62 × 10−4 W/mK2, S = ~−203 μV/K, σ = ~1500 S/m at 800 ◦C [46]
(Zn0.97Ni0.03)O/Tape casting method PF = 17.6 × 10−4 W/mK2, S = −503 μV/K, σ = 6970 S/m at 800 ◦C

ZnO/Liquid route synthesis ZT = 0.0034, S = ~−310 μV/K, σ = ~250 S/m, PF = ~0.24 × 10−4

W/mK2, κ = 7 W/mK at 727 ◦C [34]
(Zn0.97Ni0.03)O/Liquid route synthesis ZT = 0.09, S = ~−420 μV/K, σ = ~3401 S/m, PF = 6 × 10−4 W/mK2,

κ = 6.5 W/mK at 727 ◦C

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 ZnO, the Seebeck
coefficients reported here were also negative values, indicating n-type conduction [23,34,46].
According 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
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concentration [34]. Similar to the Seebeck coefficient, when the Ni composition reaches x >
0.03, the electrical conductivity 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, resulting 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 temperatures [23,34,46].

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 (Bi2O3) doped in ZnO. The samples were prepared
using a solid-state reaction method that yielded grain size within the range of 2 to 6 μm.
The Bi2O3 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 Bi2O3 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 μV/K). However, the electrical conductivity decreased beyond this value
owing to higher electrical resistivity (>108 Ω). Moreover, it is worth noting that the carrier
concentration is also lower than that of Al-doped ZnO. Apart from the electrical conductiv-
ity, 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 Bi2O3, 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 μV/K, σ = ~2500 S/m, κ = ~3.1 W/mK at 700 ◦C
[80](Zn0.98Bi0.02)O/Solid-state reaction ZT = 0.006, S = −533 μV/K, σ = ~230 S/m, κ = 10.5 W/mK at 700 ◦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 (Zn1-xSnxO) on its thermoelectric properties.
The average grain size obtained ranged from 13.9 to 3.5 μm. However, with higher Sn
doping concentrations, the grain size is reduced [38]. This reduction can be attributed to the
pinning effect caused by Zn2SnO4 particles present at the grain boundaries of ZnO, along
with the dragging effects between the added SnO2 and grain boundaries. These effects
result in lower electron mobility by reducing grain size [38]. Meanwhile, Guan et al. [80]
also reported lower mobility in Sn-doped ZnO samples caused by the increased ionised
impurities scattering within the samples.

Table 5. Thermoelectric properties of Sn-doped ZnO.

Composition/Synthesis Method Thermoelectric Properties Ref

(Zn0.99Sn0.01)O/Solid-state reaction PF = 1.25 × 10−3 W/mK2, S = ~−160 μV/K, σ = ~15 S/m at 800 ◦C [38]

ZnO/Solid-state reaction ZT = ~0.009, S = ~−107 μV/K, σ = ~2500 S/m, κ = ~3.1 W/mK at 700 ◦C
[80](Zn0.98Sn0.02)O/Solid-state reaction ZT = 0.012, S = −93 μV/K, σ = 900 S/m, κ = 7 W/mK at 700 ◦C

The electrical conductivity for undoped ZnO increases slightly with the increment of
temperature, indicating its inherent semiconductor behaviour [38]. However, the addition
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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 increases,
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 concentration 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 conductivity and a lower
Seebeck coefficient.

The addition of small amounts of SnO2 leads to a strong donor effect [38,80]. Zn
atoms (Zn2+) in the ZnO lattice can be easily substituted by Sn atoms (Sn4+), 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 without 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.

4. Concluding Remarks

ZnO possesses promising potential in thermoelectric application due to its high physic-
ochemical 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 opportunities to
recover waste heat from high-temperature processes could be made available. In order to
enhance its thermoelectric properties, several approaches can be employed: (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 electrical conductivity of
ZnO, a higher number of charge carriers is needed. However, based 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 thermoelectric properties of
ZnO. Therefore, optimisation of charge carriers in ZnO is needed to obtain 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 particles
(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 understanding
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 concentra-
tion, doping species and nanostructuring strategies on the Seebeck coefficient, electrical
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conductivity and thermal conductivity of ZnO thermoelectric materials. Therefore, several
technical gaps should be focused on to fully utilise ZnO materials for commercial thermo-
electric devices. First are the effects of hybrid doping species. Each doping species possess
individualised advantages and drawbacks. For instance, Al dopant introduces increased
carrier concentration without trading off the Seebeck coefficient. Meanwhile, Sn dopant
resulted in a relatively higher enhancement in electrical conductivity, but the presence 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
thermoelectric 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 thermoelectric 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 developments of ZnO-based thermoelectric technologies.
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