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Novel zinc oxide 3D tetrapod nano-
microstructures: recent progress in synthesis,
modification and tailoring of optical properties for
photocatalytic applications

Astha Pujara,7® Rupam Sharma,® Samriti,® Mikhael Bechelany, € °°
Yogendra Kumar Mishra 9 and Jai Prakash () *@

There is a growing interest in the synthesis of novel semiconductor nano-microstructures and tailoring
of their morphological properties for improved functionality and multifunctional applications. In this
context, 3D zinc oxide tetrapods (ZnO TPs) have been emerged as promising photocatalyst materials
due to their unique 3D morphology and excellent optoelectronic properties for sustainable removal of
contaminants of emerging concern in the environment as well as other energy-related applications.
ZnO TPs exhibit distinctive features when combined with other functional nanomaterials suggesting that
these 3D nano-microstructures could be a valuable material for a range of futuristic applications. This
review deals with the synthesis and modifications of novel 3D ZnO TPs as well as tailoring of their
optical and morphological properties for potential photocatalytic applications in the field of energy and
environment. Various synthesis methods of 3D ZnO TPs have been briefly discussed along with their
advantages and disadvantages with emphasis on tailoring the surface and optical properties of 3D ZnO
TPs. The promising applications of 3D ZnO TPs in photocatalytic degradation of environmental organic
pollutants along with their antibacterial activity have been highlighted and discussed in detail. This
review also emphasizes the use of 3D ZnO TPs in other fields of current interest of energy and
environment such as photocatalytic H, production, CO, photoreduction, nano/micro-plastic
remediation etc. The tunable optical properties and structural/morphological characteristics of 3D ZnO
TPs, position them as versatile materials for multifunctional applications as well as open the way for
future research and development in the field of energy, environmental and biomedical fields, have also
been discussed along with various challenges.

ZnO, Bi,03, SnO,, Fe,0; etc. have got significant attention
in terms of their characterization, synthesis strategies, and

Over the last decade, photocatalyst nanomaterials have gained
much attention because of their potential in absorbing solar
radiation for variety of applications in the field of energy and
environment. One of the major environmental applications
using such nanomaterials is the photo-elimination of harm-
ful/toxic compounds from the environment using solar radia-
tion. Several nanoscale photocatalyst materials such as TiO,,
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various photocatalytic applications. In environmental applica-
tions, photocatalysts are essential because they function as
catalysts that activate when exposed to the light. They are
excellent at disinfecting surfaces, breaking down organic con-
taminants to purify air, water, and even producing renewable
energy by reducing carbon dioxide and splitting water."” These
photocatalysts nanomaterials are vital allies in the fight for a
healthier, cleaner planet because of their capacity to use sun-
light for environmental cleaning.*”

Out of several photocatalysts, ZnO is one of the promising
photocatalyst nanomaterials which has gained attentions by
the researchers for last several decades owing to its interesting
properties. These includes wide and direct band gap (3.37 €V), a
large exciton binding energy (60 MeV), cost effectiveness,
chemically stability, radiation resilient, easy to prepare, high
electron mobility, relatively abundant and non-toxicity etc.®”
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In addition to their such qualities, the ease of fabrication, ease
of tailoring its properties and tunable functionality have
inspired researchers to study ZnO in many different ways.
One of the promising ways to tune the properties and function-
ality is the tailoring of its nano-microstructures. For example,
ZnO based materials have been found to be more interesting
when investigated in different dimensional forms ie. 0-3
dimensions (0-3D) such as quantum dots (QDs), nanofilms,
nanobelts, nanowires (NWs), nanorods (NRs), nanoflowers
(NFs), TPs etc. Nanomaterials in all dimensions (0-3D) show
specific properties that make then promising for several appli-
cations in variety of fields including energy, environment and
biomedical. Various such morphologies in 0-3D nanomaterials
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are shown in Fig. 1. Various ZnO nano-microstructures includ-
ing these 0-3D morphologies have been studied for several
applications. The low dimensional ZnO materials such as
nanoparticles (NPs) or QDs have attracted much attention in
the field of optoelectronics because of carrier confinement
leading to the constant adjustment of the optical and electronic
properties that improve the device performance.® 1D ZnO
nanostructures, i.e. NWs, nanofibers, nanoribbons, NRs, nano-
tubes etc. among other morphologies, are acknowledged as one
of the promising material prospects due to their strong optical
absorption, light emission, and photoconductive gain in a
wide range of applications such as light-emitting diodes
(LEDs), photodetectors, solar cells, nano generators, field-
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effect transistors, and sensors.”'® Moreover, 2D ZnO nanoma-
terials i.e. nanothin films, nanoplates with large specific sur-
face area show attractive surface/adsorption properties and
applications due to anisotropy structure and high surface to
volume ratio. In addition to their tunable sensing applications
and rapid charge transfer, their chemical and physical proper-
ties with thickness make them useful for their use in chemical
characteristics.">"?

Although 1D and 2D nanomaterials have high surface area-
to-volume ratios, the complex 3D nano-architectures allow to
further increase this metric with more flexibility and tenability.
In most of the cases, 3D nano-architectures are consisting of all
other dimensions providing complex and more flexible systems
with sizes ranging from nano to micro scale for variety of
applications Ze. energy storage, sensing, catalysis etc. Furthermore,
a greater degree of tenability is possible due to 3D arrangement of
atoms/nanostructures/NPs in 3D morphology.'® Another interesting
fact in 3D nanomaterials is the porosity which lead to a better
nano-architecture for particular applications as compared to
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other 0-2D nanomaterials even though these show high surface
area.'® Such diverse characteristics of 3D morphologies make
them promising materials with several combined functions
into a single 3D morphology, which may facilitate multifunctional
activities."”” For example, such 3D morphologies may result in
better transport properties in batteries/electrochemical devices."?
Similarly, their interconnected pore structures are promising for
charge carriers diffusion which improves stability and perfor-
mance of devices.'® Also, their unique 3D nano-microstructure
provide better opportunities in terms of processability, integration
with devices and may be customized in specific configurations for
multifunctional applications.”” These 3D nano-microstructures
are further designed in different ways based on their physical
appearance i.e. how they look alike. Generally, these structures are
named on their similarity with natural things. For instance, 3D
based NFs structures looks alike the natural flowers which are very
fascinating because the variation of the arrangements of the
building blocks. The building blocks could be another 0-2D
nanostructures which provide a choice to tune the properties of
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Fig. 1 Different dimensional (0—3D) morphologies of nanomaterials.

these 3D nano-microstructured materials for functional applica-
tions. Various 3D nano-microstructures such as TPs, NFs, nano/
micro hollow, hierarchical structures etc. have extensively been
investigated in past years as shown in Fig. 2(a). However, this
pattern shows that there is a growing interest of the scientific
community in ZnO TPs based 3D nano-microstructures in last five
years. ZnO based 3D TPs have extensively been explored in various
applications due to their unique morphology and distinct surface
features. ZnO TPs show a wide range of synthesis methods, high
redox potential, ease of tunability in optoelectronic properties due
to the specific morphology which make them excellent option for
various applications including photocatalysis."®'® Due to high
redox potential and large band gap, 3D ZnO T Ps may easily cause
oxidation and reduction reactions to occur which is an important
factor in photocatalysis process.

ZnO TPs have been extensively studied over the past two
decades, with significant advancements in understanding their
growth mechanisms through molecular dynamics simulations
and studying their multifunctional applications.'*?°>® For
examples, Mishra et al. reviewed applications of ZnO TPs in
electronics, photonics, composites, chemistry, environment,
ceramics, glass, biomedical, pharmaceutical agriculture, engi-
neering and technological industries.™ Yan et al. demonstrated
the applications of ZnO TPs in photovoltaics including solar
cells applications.”® Similarly, Newton et al. discussed applica-
tions of ZnO TPs in spintronics and piezo electricity including
photovoltaics.”* On the other hand, Modi et al. discussed the
growth model, properties, synthesis methods and variations in
the morphologies of TPs by varying the synthesis conditions.>?
In addition to the various applications as mentioned above, 3D
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Fig. 2
potential applications of ZnO TPs.
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(a) Number of papers published on 3D ZnO nano-microstructures from 2020 to 2024 (Data: Web of Science database) (b) synthesis method and
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ZnO TPs have also been widely applied as photocatalysts in a
variety of environmental and energy applications which have rarely
been reviewed in the literature. Several researchers have demon-
strated the potential photocatalytic activities of ZnO TPs experi-
mentally for photocatalytic degradation of organic contaminants
of emerging concern due to high surface to volume ratio and
reduction of recombination of electrons and holes.”>** Interest-
ingly, ZnO TPs based sponges have been reported to exhibit
excellent photocatalytic activities for monitoring the pollutants
degradation.”® Furthermore, Mishra et al. demonstrated the multi-
functional applications of ZnO TPs including photocatalysis, UV
photodetection and gas sensing.>® However, despite the availability
of excellent research data on ZnO TPs, particularly for their
photocatalytic activities, a comprehensive review specifically
emphasizing their photocatalytic applications in the fields of
energy and environment is still lacking. Our manuscript addresses
this critical gap by consolidating recent findings and presenting an
in-depth discussion on these applications. This article serves as a
guide for researchers, offering valuable insights and inspiring new
ideas for the continued exploration and application of ZnO TPs in
the ongoing battle against environmental pollution.

In this review, 3D ZnO TPs and their applications in photo-
catalytic degradation of organic pollutants of emerging concern
such as organic dyes, pesticides, nano/micro-plastics, etc. along
with their antibacterial activity have been highlighted and dis-
cussed in details. Furthermore, role of ZnO TPs in other energy
and environmental applications such as photocatalytic H, pro-
duction and CO, photoreduction has been explored as schemati-
cally shown in Fig. 2(b). First of all, various 3D ZnO morphologies
are discussed along with their promising features followed by the
detailed study on ZnO TPs including their origin, various optical/
structural properties and synthesis methods. Eventually, detailed
literature review on photocatalytic applications of ZnO based
various 3D TPs has been discussed with emphasis on its tunable
structure and morphology along with photocatalytic mechanism.
Finally, challenges and future prospects have been highlighted.

2. Various 3D nano-architectures

As discussed above, 3D nanostructures are intriguing due to
their unique properties and applications in various fields. They
offer unique surface properties due to their diverse nano-
architectures and geometries contributing to their significance
in technological advancements. The various 3D morphologies
of ZnO nanostructures reported in literature include nano/
micro-flower, nano/micro-hollow spheres, hierarchical nanos-
tructures, TPs nano-microstructures etc. Each morphology has
distinct characteristics influencing their surface and other
properties as well as applications across different fields including
photocatalysis. Here, various ZnO based 3D morphologies have
been discussed in brief.

2.1 3D nano-microflower structures

Nano/micro flower structures, exhibiting 3D configurations
reminiscent of natural plant flowers and ranging in size from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Various 3D ZnO morphologies (a) ZnO NFs [Reprinted with per-
mission from ref. 28 Copyright 2008, Elsevier] (b) ZnO hollow microsphere
[Reprinted with permission from ref. 32 Copyright 2013, Royal society of
chemistry] (c) ZnO hierarchical nanostructures [Reprinted with permission
from ref. 33 Copyright 2002, American Chemical Society] (d) ZnO TPs
nanostructures.?®

the nanoscale to micron dimensions, have gathered consider-
able attention.”” An extensive research has been conducted on
3D nano-micro ZnO nanostructures in last decade pertaining to
their straightforward preparation methods, ability to manipu-
late surface morphology/area, and tailoring of optoelectronic
properties relevant to photocatalytic applications. These nano/
micro flower structures consist of other nanostructures in a
particular arrangements. For example, as shown in Fig. 3(a),
homogeneous flower-like ZnO microstructures with an average
diameter of 5-6 micron size was reported by Wang et al.*®
consisting of NRs which showed higher photocatalytic activity
than only 1D NRs structures. It is well established that merely
optimization of synthesis parameters i.e. solvent type and/or
concentration during the synthesis process yields various dis-
tinct morphologies ie. NPs, NRs, NWs, porous or net like
structures constituting as a backbone for ZnO-based 3D nano/
micro flower structures. Due to such diverse morphologies
incorporated in 3D arrangements, the resulting 3D flower like
structures exhibit tunable behaviour towards surface as well as
other optoelectronic properties leading to a potential candidate
for photocatalysis applications. These characteristics not only
enhance the adsorption of the foreign species on the surface
but also expedite the reaction kinetics on the surface.>® These
3D ZnO nano-micro flower structures are found to be tailored
further with improved surface and photocatalytic properties
through doping and other surface treatments. For example, 3D
ZnO NFs structures doped with a small quantity of cadmium
(Cd*") could trap photogenerate holes and electrons limiting
the carrier recombination mechanism and enhancing their
photocatalytic activity.>® Similarly, La-doped 3D ZnO NFs found
to be more effective photocatalysts in degrading organic pollu-
tants as compared to only ZnO NFs.*

Mater. Adv,, 2025, 6, 2123-2153 | 2127
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There are several examples of ZnO nano/micro flowers with
potential applications in the waste water treatments and other
environmental application. However, it has been reported
that sometimes NFs synthesized under harsh conditions, ran-
ging from 80 to 550 °C, potentially lead to the formation of
toxic elements or by products during the synthetic reactions.**
Sometimes the synthesis is complex and may involve specific
conditions or techniques, leading to challenges in scalability and
reproducibility.”> Moreover, agglomeration can also limit the
accessibility of active sites on the NFs, impacting their efficiency
in catalytic and sensing applications.*"

2.2 Nano/micro hollow and spherical 3D structures

Nano/microstructures characterized by hollow and spherical
configurations as shown in Fig. 3(b) represent distinctive 3D
hollow/spherical morphologies.** These unique structures exhi-
bit a substantial amount of empty space, unique physiochem-
ical properties and coupled with intact shells creating a sizable
surface area. Such characteristics of these kind of 3D nanostruc-
tures are promising for the effective adsorption of organic mole-
cules, which is particularly important in the context of
photocatalytic processes for energy and environmental remedia-
tion applications.*® Their applications extend across diverse fields
including photocatalysis, water splitting, lithium-ion batteries,
hydrogen storage, biomedicine, pharmaceuticals etc.*® Various
3D nano-micro hollow/spherical ZnO morphologies have been
reported particularly for environmental remediation. For example
Li et al®” synthesized 3D hollow ZnO spherical nano structures
which were found to have excellent surface properties for efficient
adsorption and activation of reactant molecules through multiple
cycles of adsorption and adsorption process. These unique 3D
nano-micro structures with hollow morphology showed greater
absorption of light through repeated cycles of absorption, reflec-
tion and absorption along with efficient separation of photogen-
erated electron-hole. Moreover, such hollow nanostructures are
also capable to create photonic crystals with a more pronounced
light-scattering phenomenon.*® Furthermore, coupling these
hollow 3D nanostructures with plasmonic NPs expands the light
absorption up to the visible region with intense light-scattering
effect promising for photocatalysis in solar light for practical
applications.® Since, the photocatalytic reactions take place at
solid-liquid interface, therefore, such hollow morphologies may be
able to achieve superior photocatalytic performance than solid
photocatalysts.*

Despite the benefits offered by such 3D hollow nanostruc-
tures, their potential utilization in photocatalysis remains con-
strained by intricate preparation techniques. Furthermore, the
limited comprehension of photocatalytic reactions act as a
barrier to the advancement of 3D based hollow-nanostructured
photocatalysts.*!

2.3 3D hierarchical nanostructures

3D nano/micro hierarchical structures typically describe nano-
structured shapes featuring multidimensional domains at var-
ious levels or possessing multimodal pore structures. Examples
of such hierarchical nanostructures include urchin-like, brush-
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like, flower-like, tree-like, dendritic and branched structures.*
For example, 3D nano/micro hierarchical structures as shown
in Fig. 3(c) consists of diverse nanosized building blocks with
complex hierarchical and fractal structures observed in nature,
such as those found in trees, surface structures of plant leaves
etc.>® For instance, Wang et al. synthesized 3D ZnO hierarchical
nanostructures offering distinct benefits including a high sur-
face area and porous structures with synergistic interconnected
individual nano building blocks. Such 3D ZnO nanostructures
exhibited enhanced physical and chemical properties including
improved light harvesting, increased reaction sites, and enhanced
electron and ion transportation.*® These attributes are crucial for
applications in optics, electronics, photocatalysis and electroche-
mical applications owing to their high surface-to-volume ratios,
expansive accessible surface areas, and improved permeability.*?
Such morphology provides abundant active adsorption and
photocatalytic reaction sites which are promising for photocata-
Iytic activities. However, additional efforts are necessary to
address challenges large scale production and low yield of 3D
hierarchical ZnO based nanomaterials. As also discussed above in
case of hollow 3D nanostructures, formation of highly porous and
interconnected structures for maximum utilization of solar light is
another challenging issue and advancements in these areas will
likely lead to significant progress.**

2.4 3D TPs nanostructures

TPs based 3D nanostructures refer to a configuration charac-
terized by four arms connected to a central point, as depicted in
Fig. 3(d).>® TPs nanostructures exhibit significant technological
promises across various fields. In particular, 3D ZnO TPs
showcase a distinctive morphology with outstanding optical
and electronic properties, making them highly suitable for
diverse applications.*® Their superior light-harvesting capabil-
ity establishes them as unique morphology for photocatalytic
applications. TPs based 3D nanostructures have garnered sub-
stantial attention recently owing to their assembly and TP
networking with easy to tailor their mechanical strength and
physicochemical properties.>* According to the recent literature,
ZnO TPs nanostructures have found potential applications in
sensing and photocatalytic applications. For example, photo-
catalytic efficiency of ZnO based TPs nanostructures with different
arm morphologies forming networks has been investigated in
number of research articles and has been explored in this review
with emphasis on their mechanism and high photocatalytic
performances.?® Structural, Surface, and application-based com-
parison of TPs with other 3D morphologies as discussed above in
this section have been summarized in Table 1.

ZnO TPs based nanostructures have been investigated as
shown in Fig. 2 in the recent past because of their potentials in
variety of research fields. ZnO TPs based structures have shown
tunable morphology leading to multifunctional and interdisci-
plinary applications. This review is mainly focussed on ZnO
based TPs nanostructures, tailoring of their surface and optical
properties and photocatalytic activities towards removal of
contaminations of emerging concern in the environment.
Therefore, a little more details about the origin and various

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Various comparative features/characteristics of 3D TPs and other 3D morphologies

3D

morphologies Key structural features Surface properties

Challenges Applications

Nano/micro- Petal-like ZnO nanostructures High surface area, tunable

flowers forming flower-like structures properties

Hollow/ Hollow interiors with thin Excellent adsorption,

spherical shells, high porosity enhanced light absorption

Hierarchical Multi-level nanosized building High porosity, enhanced
blocks light harvesting

TPs Four arms connected at a cen- Superior light harvesting,

ter, forming 3D networks

properties of particularly ZnO based TPs making them unique
3D nanostructured materials amongst others would be useful
for further applications and have been discussed in the next
section.

3. 3D ZnO TPs: origin and tunable
optical properties

As discussed in last sections, TPs show unique morphology and
surface properties with tunable characteristics making them a
potential nanomaterial for multifunctional applications. The
TPs nano-micro structures exhibit 3D geometry consisting of
four arms which are interconnected together giving an average
angle of 110° with respect to each other. Generally, a TP
structure consists of four 1D NRs structures as hano or micro
building blocks which can be tuned with respect to its length
and diameter as well as shape which provide ample opportu-
nities to tailor its all the physical and chemical properties. It is
interesting because the surface area of each arm is easily
accessible irrespective of their position in the 3D geometry.
Unlike traditional 0D, 1D, and 2D nanostructures, such 3D
nano-architectured based materials demonstrate excellent stabi-
lity and large free volume to meet many of the technical require-
ments for their potential applications. ZnO based TPs nano-micro
structures have been reported as also discussed in above sections
for several applications in environment, ceramics, industries and
engineering owing to their unique TP morphology and tunable
characteristics. Interestingly, a research paper reporting the first
ZnO TPs based Schottky photodiodes was published by Newton
et al.*® in 2006, and photo response based performance of such
TPs diodes was reported in 2008.*” Since then, various TPs based
morphologies were reported with various functionalities. It was
shown by Zhang et al.*® that each ZnO TP had a multi terminal
sensor which could produce multiple responses at once in
response to an individual input signal.’> ZnO TPs combine to
produce a 3D structure that is highly porous in nature and has a
large surface-to-volume ratio and their properties are superior as
compared to the constituent nanostructures i.e. 1D NRs. These 3D
nanostructures not only improve the electron extraction®® but also
enhance the electron transport.”® It is very interesting fact that TPs
have been observed to naturally align with one of its leg pointing
in the direction of the substrate surface. Such 3D ZnO nano-
structures exhibit interesting electrical characteristics due to their
common n-type conductivity arising from versatile defects,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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specially due to the oxygen vacancies.>® For example, Gedamu
et al.>® developed a novel approach by employing burner-flame
transport synthesis (B-FTS) method to create an interconnected
ZnO TP network-based electronic device directly on a microchip.
This device exhibited a remarkable and swift response to UV light.
In this way, ZnO TPs based 3D nanostructures consisting of micro
and nano structured shapes with unique and special properties
have shown promising applications in variety of fields including
energy, biomedical and environmental and other applications as
shown in schematic of Fig. 4.

In the 3D geometry of TPs, the interconnected structure of
the arms facilitates the carrier migration pathways which are
useful in enhancing the applicability of such nanomaterials
further in enhancing the functionality of the devices. For
example, Jin et al.>® demonstrated such functionality using
ZnO TPs in a polymer matrix. Similarly, ZnO TPs have shown
extensive use in biomedical engineering also. For example,
Papavlassopoulos et al. reported on toxicity behaviour of ZnO
TPs and notably low toxicity was experienced on healthy cells.”*
It was found particularly significant because of their potential
carcinogenic or asbestos-like effects associated with their micro
and nano spiky structured like shapes. Similarly, ZnO TPs have

Thermal
Stability

Fig. 4 Various properties and applications of ZnO TPs.
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been investigated for their improved optical properties by
several means. For instance, in order to study the defect
characteristics in ZnO based nanostructures including ZnO
TPs, photoluminescence (PL) response was investigated with
250 nm and 325 nm excitation wavelength as shown in Fig. 5(a)
and (b). It also accompanied with the Tauc plot as shown in
Fig. 5(c) exhibiting the bandgap of these ZnO nanostructures.>

It showed tunable absorption characteristics due to the
difference in their shapes along with the intensity of the
absorption peak which was directly linked to the particle shape
and size. Using these different ZnO nanostructures, a sensitive
UV sensor was fabricated and it was found that ZnO TPs based

View Article Online
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sensor showed the better sensitivity response as compared to other
shapes attributed to the open, interconnected and networked arms
structures shown in Fig. 5(d).>® Furthermore, ZnO TPs show better
optical properties when combined with noble metal NPs due to
their unique localized surface plasmon resonance (LSPR). LSPR in
noble metal nanostructures refers to the phenomenon where free
electrons on the surface of the NPs oscillate collectively under the
influence of incident electromagnetic light lead to resonant
absorption and scattering of specific wavelengths of light. The
LSPR of noble metals can be tuned while combined with ZnO
nanostructures as recently studied by Samriti et al.>” for different
environmental sensing and wastewater treatment applications.
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Fig. 5 For various ZnO nanostructures- (a) and (b) UV-visible absorption and PL spectra, (c) The estimated bandgap using Tauc plot. (d) SEM image of
ZnO TPs.*® (e) UV-vis DRS Spectra of ZnO TPs and Ag/ZnO TPs (with Ag 2%, 3%, 4% and 5%) [Reprinted with permission from ref. 56 Copyright 2017,
Elsevier] (f) SEM image of 4% Ag/ZnO TPs [Reprinted with permission from ref. 56 Copyright 2017, Elsevier].
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Fig. 5(e) and (f) displays UV-vis diffuse reflectance spectra
(UV-vis DRS) of ZnO TPs and Ag NPs deposited on ZnO TPs at
different Ag concentrations (i.e. 2%, 3%, 4%, and 5%) along
with SEM micrograph of optimized Ag NPs/ZnO TPs system
with 4% Ag NPs. The typical SEM micrograph shows that Ag
NPs were dispersed randomly on the surface of ZnO TPs.”®
Absorption spectra showed an absorption peak at 450 nm
attributed to the LSPR of Ag NPs deposited on the surface of
ZnO TPs as comparison to that of pure ZnO TPs. Because of
their huge surface area and numerous arms, ZnO TPs have a
distinctive shape that can provide better absorption properties
and in composite with noble metals it can further be tuned in the
visible region due to localized electromagnetic field enhance-
ments. For proper utilization of such unique morphology where
increased light absorption and scattering are desired, such as
sensors, photocatalysis, and photovoltaic, such 3D TPs based
special features may be better choice. ZnO TPs are a compelling
photocatalytic material due to their unique, branched nanostruc-
ture that significantly enhances surface area and charge separa-
tion. ZnO TPs photocatalytic process consists of multiple essential
phases. Photons are absorbed by ZnO TPs in response to UV light,
which excites electrons in the valence band to move into the
conduction band and form electron-hole pairs. These charge
carriers may be efficiently separated and migrated to the surface
thanks to the special TPs structure, which has expanded arms and
a high surface area. Superoxide radicals are created at the surface
when electrons decrease oxygen molecules, and hydroxyl radicals

(b)

=> Control over thickness

=> Uniformity

=) Scalability
< Controlled
stoichiometry

Fig. 6 (a) Photocatalytic mechanism of ZnO TPs (b) schematic displaying
various strategies for the synthesis of ZnO TPs along with their useful
characteristics.
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are created when holes oxidize water or hydroxide ions as shown
in Fig. 6(a). These reactive species are very good in breaking down
other contaminants and organic pollutants. Not only does the
structure of ZnO TPs increase the photocatalytic activity, but it
also makes the material reusable.>*>°

Therefore, distinct structural, optical, and electrical charac-
teristics of ZnO based 3D TPs have attracted a lot of interest in
materials science and nanotechnology. This is to be noted that
synthesis procedures play an important role in optimizing the
exact shape and size along with the surface and optical proper-
ties of ZnO TPs. So, various synthesis techniques of ZnO TPs are
discussed in the next section.

4. Synthesis of 3D ZnO TPs

As discussed above, ZnO TPs with unique morphology are very
fascinating for potential applications. Therefore, their synth-
esis is an important platform where various surface and optical
properties can be tuned by tailoring their morphology through
the optimizing synthesis parameters. Several methods have
been proposed to synthesize ZnO TPs as schematically shown
in Fig. 6(b). It also includes the various advantages of each
synthesis methods. Furthermore, a variety of conditions and a
range of parameters, including temperature, time, reactant
concentration, and so on, have also been reported to play an
important role in formulating the ZnO TPs structures. By
adjusting the aforesaid parameters, more control over the size
and shape of TPs morphology can be achieved. ZnO TPs can be
chemically synthesized through the following more suitable
and extensively used techniques such as vapour phase deposition,
microwave plasma method, fame transport synthesis, thermal
oxidation, combustion method etc. which have been further
described in brief.

4.1 Vapour phase deposition

It is a method in which ZnO TPs can be synthesized via simple
catalyst free vapour evaporation deposition process as depicted
in Fig. 7(a).”® In this synthesis method, the supply rate of
oxygen is an important parameter which normally determines
the size and the shape of final TPs nanostructures. There are
many other factors, including temperature, time, gas flow,
substrate and catalyst, which are also of importance to the
growth of the TPs and thus determine the final shape of the TPs
nanostructures. He et al.>® found that among these peculiar
TPs, there exists a common structured ZnO: peaked-leg TPs.
Therefore, it can be presumed that all these regular TPs might
have uniformity, control over thickness and originate from
peaked-leg TPs.®® The sudden change in the reaction atmo-
sphere results in the change of the growth orientation and
produces with hexagonal crowns. At a higher oxygen ratio, so
the partial pressure of oxygen does not change so abruptly as to
change the growth direction. Vapour phase deposition method
is better than other methods because it is non-line-of-sight,
uniform coatings that provides extremely uniform and adher-
ent coatings of TPs on complex geometries. By this method at
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Nature] (b) microwave plasma system [Reprinted with permission from ref. 63 Copyright 2023, Elsevier] (c) flame transport synthesis method. [Reprinted
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high deposition rates, it is possible to generate extremely pure
and dense films. It fits a range of materials, including as
semiconductors, metals, and ceramics.®"%?

4.2 Microwave plasma method

In a typical microwave radiation procedure, zinc powder in
quartz boat is set at the centre (the plasma heating zone) of a
horizontal quartz tube. Pure Ar and O, gases are flown into the
tube and a microwave source is coupled along a square or
rectangular wave-conducting pipe to the centre of tube for
generating stable plasma. An assistant tube furnace is generally
used to provide and adjust the necessary temperature zone.
Fig. 7(b) shows a schematic illustration of a microwave plasma
system.®® The products are collected on the inner wall at the
downstream end of the tube. Zhang et al.®* prepared ZnO TPs
by a microwave plasma method.®® This method is better than
other methods for the synthesis of particular ZnO TPs due to
the fact that it is appropriate for substrates that are sensitive to
high temperatures because it operates at lower temperatures
than conventional procedures. It offers more control over the
characteristics and morphology of the ZnO TPs based film as
well as high deposition rates that permits selective growth
specific to a substrate.> %’

4.3 Flame transport synthesis

The FTS method offers direct (chemical reagent free) synthesis of
ZnO TPs in large amounts with controlled shape. During FTS
growth process, the flame and poly vinyl butyrate (PVB) also
enable the local control over the amount of oxygen gas necessary
for the growth process. Formation of ZnO TPs with different arm

2132 | Mater. Adv., 2025, 6, 2123-2153

morphologies and the interconnected networks is important and
have been successfully achieved by controlled FTS approach.
The FTS technique has been shown schematically in Fig. 7(c).>®
The growth temperature and time parameters play important
roles in deciding/controlling the morphology of the ZnO TPs. For
instance, Mishra et al.'* observed that morphology of the TPs
was found to be strongly dependent on the experimental para-
meters such as growth time (30-90 min) and temperature (900-
950 °C) in air. Using the FTS method, precursor metal NPs can be
directly converted into nanostructures within the same material
that is produced by burning sacrificial polymer (PVB).%® It has
been observed that with progress in time, the shape of the
TPs can be shifted in a controllable manner from uniform-
shaped arms to sharp needle type arms and finally in form of
self-assembled interconnected macroscopic network of TPs. At
higher temperatures, the growth of multipods is dominating over
TPs structures. These TPs with different types of arm morpholo-
gies exhibited significantly high (over 95%) photocatalytic activity
against MB dyes under UV irradiation. Furthermore, ZnO TPs
with sharp needles like arms exhibited almost complete degrada-
10 min). Using this unique FTS
technique, interpenetrated metal oxide nano-microstructures are
produced into flexible, electrically conducting, high temperature
stable ceramics with very high porosities in a versatile manner.*’

tion of dye in a very small time (~

4.4 Thermal oxidation method

Thermal oxidation synthesis of ZnO TPs involves heating zinc
powder in the presence of an oxidizing agent to promote the
conversion of zinc into ZnO TPs nanostructures. The synthesis
is carried out in a controlled environment using a furnace and a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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quartz tube as seen from the Fig. 8(a).”® The zinc powder is
placed in the center of the quartz tube, which is then inserted
into the furnace. The temperature of the furnace is gradually
raised to a specific temperature, often around 1000 °C, in an
atmospheric condition. This high temperature is essential for
initiating the oxidation reaction. As the temperature increases,
the zinc powder reacts with the oxidizing agent (e.g., H,0,) to
form ZnO TPs nanostructures. The oxidizing agent plays a
crucial role in providing reactive oxygen to the zinc powder,
facilitating the conversion process. On comparison with other
approaches, thermal oxidation has the advantage of producing
large amounts of product in a short time and at low cost.”* The
growth of ZnO TPs occurs through the formation of Zn nuclei

View Article Online
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and the development of the wurtzite crystal structure with the
crystal directions aligning with the [0001] direction. Thermal
oxidation allows for controlled growth of materials, enabling
precise manipulation of size, shape and structures. It is rela-
tively simple and can be conducted using basic laboratory
equipment. This method can be applied to a wide range of
materials making it versatile for various applications.”” It can
be scaled up for industrial production making it suitable for
large-scale manufacturing. However, there are also some draw-
backs of this method. Thermal oxidation typically requires high
temperatures which can limit the choice of materials and
increase energy consumption. Maintaining precise control over
the oxidation process can be challenging, leading to variations
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in the final product. Specialized equipment such as furnaces
and quartz tubes may be required for thermal oxidation, adding
to the overall cost of the process. Some processes may be time-
consuming, especially when high temperatures are needed for
the desired reactions to occur.”®

4.5 Combustion method

In a combustion method of ZnO TPs synthesis, the synthesis
reactor consists of a vertical quartz tube inserted into a furnace,
a powder feeder, and a product collection system as depicted in
Fig. 8(b).>" Trace quantities of pure ZnO TPs can be produced at
optimal temperatures between 750-850 °C.>> The ZnO TPs
structures produced using this method exhibit high crystal-
linity which is essential for excellent optical and electronic
properties. These properties can be further enhanced by dec-
orating with Au NPs and attached using DNA strands, opening
up possibilities for functionalization and novel applications in
areas such as scintillation. The combustion-based synthesis
method offers a relatively simple and efficient approach com-
pared to other techniques allowing for high growth rates and
continuous production. However, it also presents challenges
related to temperature sensitivity, process control and purity
considerations that need to be addressed for optimal results.
However, only the TP with legs that are micro sized in length or
diameter was produced.’®

Each method as discussed above has its own advantages
over other as vapour phase deposition produces uniform and
high-purity films. The microwave plasma method operates at
lower temperatures and allows for precise control making it
suitable for complex nanostructures. FTS supports large-scale
production with varied morphologies. Thermal oxidation is
simple, cost-effective and scalable for producing large quantities.
Lastly, the combustion method enables continuous production
of high-quality ZnO TPs, suitable for applications requiring high
crystallinity. All these synthetic methods and modification stra-
tegies for ZnO TPs are also believed to be applicable to other ZnO
nanostructures, but for the synthesis of ZnO TPs, specific para-
meters are required for each ZnO nano structures. For example,
Lao et al.”* prepare different ZnO nano structures with 2, 4, 6
fold symmetries have been obtained by vapour process synthesis,
He observed that nanorods having a diameter (20-200 nm),
nanowires having a diameter (50-500 nm), Depending on their
diameter, the secondary ZnO NRs grow as either single row or
multiple row. Newton et al>' Vary parameters such as the O,
content, control over the size and morphology of the TPs
nanocrystals can be obtained. TPs with arm lengths of 200 nm
to 10 pm and cross-sectional widths of 50 nm to 500 nm by
varying the growth conditions are obtained. TPs is a recently
studied morphology, and it lacks somewhat in a detailed man-
ner. Also, This review paper is not only focused on the synthesis
methods but it is a general overview of which type of synthesis is
employed for the preparation of TPs. Each method caters to
different application needs from industrial-scale production to
specialized high-purity coatings.

ZnO TPs characteristics and performance may be understood
holistically by using various physicochemical characterization
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techniques. For example, UV-vis DRS can clarify the connection
between light absorption and carrier dynamics, while XPS and
PL can be utilized in tandem to connect surface defects to charge
recombination rates. Catalytic testing methods like gas chroma-
tography (GC) and electrochemical impedance spectroscopy
(EIS) measure the influence of these structural and electrical
characteristics on catalytic performance, while SEM/TEM and
XRD provide complimentary insights into morphology and
crystallography. Researchers can increase the potential of ZnO
TPs in applications like CO, photoreduction and hydrogen
production by using these tools to systematically tune them
through techniques like morphological control, defect engineer-
ing, doping, or hybridization with other materials.”>”"”

5. Recent progress in 3D ZnO TPs
based materials for photocatalytic
applications in water remediation

As discussed above, 3D ZnO TPs nanostructures are promising
materials for various applications including photocatalysis due to
their tunable morphology providing excellent optical properties.
Such structures also show better surface properties like greater
surface area and adsorption properties beneficial for photocata-
Iytic performance. A great deal of research has been conducted in
the previous years on photocatalytic activities of ZnO TPs based
various kind of nanomaterials as discussed below.

5.1 Photocatalytic applications of 3D ZnO TPs
nano-microstructures

ZnO TPs show excellent optical properties under the influence
of electromagnetic radiation ranging from UV light to visible
light irradiation. Several studies exhibit the excellent photo-
catalytic activities of sole ZnO TPs. For example, Sadyk et al.”®
investigated the rhodamine B (RB) dye degradation under one
hour of continuous UV light irradiation with and without ZnO
TPs. In presence of ZnO TPs, RB dye concentration dropped
sharply to 34% due to photodegradation which shows the
photocatalytic performance of TPs. Muslimov et al.”® synthe-
sized ZnO TPs as shown in Fig. 9(a) and investigated their
photocatalytic activities for the degradation of MO dyes. The
photocatalytic activities were studied under UV-vis, visible light
and direct natural sunlight and results are shown in Fig. 9(b).
ZnO TPs showed a substantial increase in photocatalytic activ-
ity in visible light attributed to the surface structural defects.
The Langmuir-Hinshelwood kinetic rate constants as esti-
mated to be 0.063, 0.106, and 0.136 min ™" respectively under
visible, solar, and UV-vis light as also illustrated in Fig. 9(c).
Surface states play a crucial role for reducing the electron
hole recombination due to the defects created by any of the
reason. Orudzhev et al.®® demonstrated the ability to control
the surface wettability of the ZnO TPs through defects and thus
the photocatalytic activity. When the process is carried out in
direct sunlight, the reaction rate is 1.3 times less than it would
be otherwise. Cut-off light filters were used to separate the
activity contributions from UV and visible light. A 65% of MB

© 2025 The Author(s). Published by the Royal Society of Chemistry
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decomposed in the presence of visible light and 96% when
exposed to UV light were observed. Defect levels within the
bandgap limit the recombination processes and aid in the primary
capture of carriers. Likewise, holes (h") are taken up by oxygen
vacancies and can either recombine or interact with OH/H,O on
the surface to generate *OH. Organic contaminants are further
oxidized by these radicals. Thus, photocatalytic activity under
visible light indicates the role of defects, primarily oxygen vacan-
cies and an increase in photocatalytic activity with the addition of
mechanical stress depicts the role of surface wettability, which is
also influenced by enhanced surface defects. Qiu et al.®" studied
nitrogen doped ZnO TPs under the visible light conditions and
93% photodegradation of BPA was observed indicating the great
effect of nitrogen doping on the photocatalytic activity of nitrogen
doped ZnO TPs.

Interestingly, the difference in morphology, dimension or
size of the arms of the TPs structure affects the photocatalytic
performance of the TPs. For example, Lee et al.>® synthesized
ZnO TPs sponges with different arm sizes (TP1 and TP2) and
studied their photocatalytic activity for the photo-removal of
dyes like MO and MB. The preparation of TPs based sponge and
SEM micrographs of TP1 and TP2 along with their photocata-
Iytic activities are shown in Fig. 10(a)-(e).>® Microscopic studies
showed that TP1 was found to be with hexagonal cylindrical
arms as compared to TP2, whereas, TP2 exhibited a high arm
length-to-diameter ratio. TP2 was found to exhibit better photo-
catalytic activity attributed to the enhanced interface charge
separation and electron transport due to its sharp morphology
as compared to TP1. The photocatalytic mechanism of TPs has
been shown in Fig. 10(f).>® This work demonstrates that ZnO
TPs sponges are useful for making a good substrate to be
applied as photocatalyst as well as sensing materials.

It has been well established that ZnO is a good antibacterial
agent and has extensively been investigated for various anti-
microbial studies. In case of ZnO TPs, the nanostructured
surfaces of ZnO TPs provide active and modifiable interfaces
for interacting with and killing bacteria, showcasing their
potential as a novel antibacterial material for various applica-
tions including wound infections. For example, Buter et al.®?
synthesised ZnO TPs involving a controlled growth process such
as chemical vapour deposition and studied its antibacterial

© 2025 The Author(s). Published by the Royal Society of Chemistry

activity. UV light treated ZnO TPs showed significant bactericidal
activity against the bacteria like Staphylococcus aureus, and
Klebsiellapneumoniae isolates including multi-resistant strains.
Such antimicrobial activities of ZnO TPs play a major role in
mitigating environmental health.®*

As discussed above, ZnO TPs are promising as sole photo-
catalyst with tunable properties and excellent photocatalysis
efficiency. However, the quick electron-hole reincorporation
and minimal light consumption render photocatalysis ineffec-
tive. Therefore, significant efforts have been undertaken to
address these issues. In order to improve their functionality,
their modifications with other functional nanomaterials have
been investigated which exhibit enhance characteristics in view
of their enhanced photocatalytic activities. ZnO based diverse
heterojunction/nanocomposite photocatalysts are gaining a lot
of attention for solving the global environmental problems and
energy supply crisis. Significant advancements have been made
in the last decade regarding ZnO-based heterojunction/nano-
composite photocatalysts, which are important components of
the photocatalytic process®® as discussed in the next sections.

5.2 Photocatalytic applications of 3D ZnO TPs/2D material
based nanocomposites

2D Materials comprise of thin layers having a thickness of at
least one atomic layer. These nanomaterials have numerous
atoms on their surface and they show a high aspect ratio
(surface-area-to-volume ratio) as well as highest surface area
in contrast to bulk materials. In recent years, there are excellent
2D materials which have been investigated to enhance the
photocatalytic activities of ZnO based nanostructures due to
their excellent optoelectronic properties such as graphene
based 2D nanostructures, carbon nanoonion (CNO) etc. Particu-
larly, graphene is one of the promising 2D materials emerging as
co-catalyst because of its high electrical conductivity and surface
area. For example, Chamoli et al® synthesized graphene
nanosheets (GNs)-ZnO TPs nanocomposite (GZnTPs) through
microwave assisted approach as shown in Fig. 11(a).®* In this
method, exfoliated graphene (EG) was used for the nanocompo-
site synthesis which enhanced the photocatalytic performance of
ZnO TPs under UV light degrading organic dyes efficiently. GNs-
ZnO TPs nanocomposites showed lower bandgap (3.09 eV) as
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Fig. 10 (a) Preparation of ZnO TPs based sponge, (b) and (c) ZnO TPs with different arm sizes as TP1 and TP2 respectively. Photodegradation activities of

(d) TP1 and (e) TP2 under UV light irradiation for MB dye solution and (f) Mechanism of photocatalytic degradation using TP sponge.2®

compared to the bare ZnO TPs. The nanocomposite showed
better interaction between GNs and ZnO TPs as shown by TEM
images in Fig. 11(b) and (c) that led to the enhanced photo-
catalytic activity as compared to ZnO TPs. The EG acted as an
electron sink which were photoexcited from ZnO TPs after
irradiating with UV light as shown in schematic of Fig. 11(d).
The photocatalytic activity of nanocomposite under UV light
irradiation was evaluated by perfor