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ARTICLE INFO ABSTRACT
Keywords: Photocatalysis has emerged as a promising technology to tackle the escalating environmental pollution. Zinc
Organic pollutants degradation oxide (ZnO), by the virtue of its excellent properties, offers immense potential for simultaneous CO, conversion

CO, conversion
Environmental remediation
Green synthesis

and organic pollutant degradation. The current review comprehensively scrutinizes the green synthesis routes,
modifications, and catalytic applications of ZnO nanoparticles for addressing critical environmental challenges.
Photocatalysis The review explores various green synthesis methods, emphasizing their eco-friendly nature and potential for
Sustainability imparting specific functionalities to the nanoparticles. Subsequently, it explores a wide range of modification
ZnO nanoparticles strategies, including bimetallic combinations, integration with carbon-based materials, and hybridization with
advanced organic polymers, to enhance the catalytic performance of ZnO. The catalytic efficacy of both pristine
and modified ZnO nanoparticles in CO5 conversion is evaluated, along with their in-depth analysis of the un-
derlying mechanisms. Furthermore, the review extensively covers the exploitation of ZnO-based photocatalysts
for the decomposition of diverse organic contaminants, like dyes, pharmaceuticals, phenolic compounds, pes-
ticides, herbicides, PAHs, and PFAS. The mechanisms involved in these degradation processes are elucidated,
providing insights into the factors influencing photocatalyst efficiency. This review concludes by highlighting the
promising prospects of ZnO nanoparticles as sustainable photocatalysts for environmental remediation and the
need for further research to optimize their performance and address practical implementation challenges.
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1. Introduction

Water is the most fundamental natural resource for human life. The
anthropogenic activities of humans are the leading cause of water
contamination and the increasing levels of gaseous CO, emissions that
pollute the environment (Haruna et al., 2024, Juma et al., 2024). These
activities cause various kinds of waterborne diseases, such as cholera,
diarrhea, dysentery, and typhoid fever, which deteriorate the quality of
life and affect the ecological stability. These serious concerns have
resulted in increasing water scarcity and global warming, which, in turn,
affects the agricultural farmlands, aquatic lives, and the human health.
For example, the textile and tannery industries release toxic effluents
that contaminate water bodies (Islam et al., 2023, Khan et al., 2023),
farming activities result in the discharge of pesticides (Abugamar et al.,
2024), and military activities and gun firing generates toxic heavy
metals (Gebka et al., 2016, Taugeer et al., 2020). The various anthro-
pogenic processes also generate greenhouse gases (GHG) (Kamyab et al.,
2024). All these factors are responsible for environmental pollution,
threatening the human health. Therefore, the presence of gaseous CO,
and the persistent pollutant within our ecosystem makes them signifi-
cant points of research study, worthy of deep exploration. For this
reason, to mitigate water pollution, significant advancement in
advanced wastewater treatment technologies is essential to effectively
remove pollutants before discharging treated water into water bodies.
Additionally, to combat climate change, developing and deploying
carbon capture and utilization technologies to capture and utilize CO5
emissions from anthropogenic processes and activities is crucial.
Furthermore, promoting clean energy efficiency measures in industries,
transportation, and buildings can significantly reduce energy con-
sumption and greenhouse gas emissions.

The application of efficient and sustainable technologies to mitigate
these pollutants has become increasingly important in the field of
environmental sciences (Keshta et al., 2024, Abou-Elyazed et al., 2024).
Among the methods, semiconductor-based photocatalytic technology
using the solar energy is regarded as a “green chemistry” approach
(Wang et al., 2023, Jia et al., 2023). The process involves the generation
of electron-hole pairs during light absorption by the photocatalysts
(Wang et al., 2023, Jia et al., 2023). The technique has been efficient for
the remediation of environmental degradation caused by various pol-
lutants that are highly toxic and deteriorating the environment and
human health by extension. It has been particularly useful for the
remediation of dyes (Manikanika and Kumar, 2024) (Tran et al., 2024),
pharmaceuticals (Manikanika and Kumar, 2024, Tran et al., 2024),
phenols (Zheng et al., 2023, Raha and Ahmaruzzaman, 2022), herbi-
cides and pesticides (Shan et al., 2024, Alegria et al., 2024), polycyclic
aromatic hydrocarbons (Ramalingam et al., 2022, Yeganeh et al., 2022),
heavy metals (Nguyen et al., 2020, Brindhadevi et al., 2024), and other
wide spectrum of pollutants of organic and inorganic origins
(Brindhadevi et al., 2024, Arslan et al., 2022). The photocatalytic pro-
cess is also vital for energy crisis mitigation. It has been vital for appli-
cations such as photocatalytic hydrogen production (Ma et al., 2022),
CO5 reduction (Jin et al., 2022, Ma et al., 2022) etc. In this review, the
relation between organic pollutants decomposition and CO3 conversion
is established. The merging of organic pollutant decomposition and CO5
conversion in the review is a strategic move that highlights the multi-
faceted potential of ZnO nanoparticles in addressing environmental
challenges. Both these processes are closely related and often involve
similar mechanisms, such as photocatalysis and adsorption. Interest-
ingly, both processes involve the generation of electron-hole pairs dur-
ing light absorption by the ZnO photocatalyst. In the case of
photocatalytic degradation, degrading species (hydroxyl radicals and
superoxide radical anions) generated on the surface of the ZnO degrade
the organic pollutants. For the photocatalytic conversion of CO,, the
accumulated electrons in the Cp of ZnO provides the active sites for CHy,
CO and H; production.

Zinc oxide (ZnO), a metal oxide nanoparticles have recently gained
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popularity as promising materials due to their fascinating physico-
chemical properties, including low cost, non-toxicity, high surface area,
thermal stability, strong adsorption capacity, biological activity, and its
remarkable photocatalytic activity [(Jiang et al., 2023) - (Majumder
et al., 2020)]. Various chemical processes for the preparation of ZnO
materials and have been reported elsewhere (Jiang et al., 2023). More
recently, the synthesis of ZnO and ZnO-based nanomaterials has
increasingly utilized green methods, which employ environmentally
benign procedures to reduce the ecological footprint associated with
traditional chemical approaches (Ahmed et al., 2017, Dejene and
Geletaw, 2023). Green synthesis methods for ZnO nanoparticles benefit
from natural resources such as plant extracts, microorganisms, and
biodegradable polymers, offering a sustainable alternative to traditional
chemical routes (Manikanika and Kumar, 2024, Tran et al., 2024). These
methods not only minimize the use of hazardous chemicals but also
enhance the biocompatibility and functionality of the produced
ZnO-based nanoparticles. Noteworthy, various plant extracts, including
those from Aloe vera (Jose et al., 2021), Moringa oleifera (Matinise et al.,
2017), Calotropis procera (Gawade et al., 2017), tea leaves (Irshad et al.,
2018), neem extract (Sohail et al., 2020) and Euphobia hirta (Ahmad and
Kalra, 2020), have been reported to act as reducing and capping agents,
facilitating the fabrication of ZnO nanomaterials with controlled size
and morphology. The microbial synthesis of ZnO employing bacteria
(Barani et al., 2021), fungi (Alavi and Nokhodchi, 2021), and green
algae (Hameed et al., 2023), has also demonstrated significant potential,
with organisms like Bacillus subtilis, Escherichia coli, and Aspergillus niger
producing high-performing materials that have been applied in many
technology areas [(Ningthoujam et al., 2022) - (Ma et al., 2022)].

The green synthesis of ZnO nanoparticles aligns with several Sus-
tainable Development Goals (SDGs), particularly those related to clean
water and sanitation, environmental remediation, and climate action.
By utilizing natural resources and minimizing the use of harmful
chemicals, this approach contributes to SDG 12: Responsible Con-
sumption and Production. ZnO nanoparticles synthesized through green
methods have potential applications in various fields, including water
treatment, where they can be used as effective photocatalysts to degrade
organic pollutants, contributing to SDG 6: Clean Water and Sanitation.
Additionally, they can be employed for environmental remediation to
remove heavy metals and other contaminants from soil and water,
further contributing to SDG 6: Clean Water and Sanitation and SDG 15:
Life on Land. Furthermore, these nanoparticles can be used as photo-
catalysts to convert CO2 into valuable chemicals and fuels, helping to
mitigate climate change and contributing to SDG 13: Climate Action.
However, while ZnO nanoparticles show promise as photocatalysts, they
face several limitations, including rapid charge carrier recombination,
limited visible light absorption, photocorrosion, low quantum effi-
ciency, and recovery and reuse, that hinder their widespread application
(Lee et al., 2023, Lee et al., 2024, Sun et al., 2023, Zheng et al., 2024).

Recently, the fabrications of ZnO-based materials through doping
with metals or non-metals, surface functionalization, and composite
formation have been extensively brought under study to augment their
photocatalytic efficacy and selectivity for certain applications. Actually,
doping ZnO with transition metals, rare earth metals, and non-metals
have been reported to alter the electronic structure, leading to
augmented visible light absorption and charge separation properties of
ZnO nanomaterials [(Jiang et al., 2023) - (Majumder et al., 2020)]. The
surface functionalization of ZnO with advanced materials such as
metal-organic frameworks (Roy et al., 2023), polyoxometalates (Xing
et al., 2023), and organic polymers (Mishra et al., 2023), can increase
the removal of targeted pollutants from the environment and also pro-
tect the nanoparticles from agglomeration. Furthermore, ZnO compos-
ites with other materials, such as graphene (Sudha et al., 2023), TiOq
(Haruna et al., 2022), and BiFeOs (Haruna et al., 2020), can synergis-
tically enhance the photocatalytic performance. Studies have advocated
that the practical applications of ZnO-based nanoparticles for environ-
mental degradation of toxic pollutants like dyes, pesticides, and
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pharmaceuticals in water and soil have shown promising results (Xu
etal., 2021, Jose et al., 2021). Moreover, ZnO-based photocatalysts have
been used for conversion of CO; into value-added chemicals, including
methane, methanol, and formic acid (Matinise et al., 2017, Gawade
et al., 2017).

To date, many reviews have provided in-depth analyses on the
modification of ZnO nanoparticles. However, most of the reviews have
focused on specific applications such as photocatalytic degradation of
wastewater (Waghchaure et al., 2022), agricultural uses (Osman et al.,
2024), biomedical applications (Singh et al., 2024), building materials
(Klienchen de Maria et al., 2024), and other emerging areas (Bhapkar
and Bhame, 2024). Therefore, while significant advancements have
been made in the field of ZnO nanoparticle research, this article is the
first review to focus specifically on the application of modified ZnO
nanoparticles for the simultaneous conversion of COz and the photo-
catalytic degradation of organic pollutants. This work aims emphasizing
the various modification technologies for the improvement of the ZnO
nanoparticles, making them high-performing materials capable of
achieving practical applications of CO; conversion and pollutants pho-
tocatalytic degradation for the environmental sustainability. Accord-
ingly, the potential research gap lies in the exploration of synergistic
effects and optimization techniques for ZnO nanoparticles. This includes
investigating the creation of multifunctional ZnO composites by
combining it with materials like carbon-based substances or metal ox-
ides to enhance simultaneous organic pollutant degradation and CO,
conversion. Moreover, tailoring surface properties through surface
functionalization with different ligands or polymers can improve
adsorption and photocatalytic capabilities for simultaneous conversion
of CO:z and the photocatalytic degradation of organic pollutants, which
are underrepresented in the literature. Thus, the novelty of this review
lies in its focused approach, which is particularly important in bridging
this gap, since no review has ever acknowledged conceptualizing and
integrating by interlacing and twisting two strands of problems into one
concept, all of which are centered on ensuring environmental sustain-
ability. In a nutshell, while previous reviews have explored various as-
pects of ZnO nanoparticle research, this review specifically targets the
dual functionality of these materials.

Hence, by highlighting the potential of ZnO nanoparticles to address
two pressing environmental issues, the review contributes to the
advancement of sustainable solutions. This is particularly important
since the review discusses strategies for modifying ZnO nanoparticles to
optimize their properties for the dual functionality, such as doping,
surface functionalization, and composite formation, examining how
these modifications can improve the photocatalytic activity, adsorption
capacity, and stability of ZnO nanoparticles, aiming to broaden its
application spectrum. Furthermore, the review provides a detailed
overview of the applications of ZnO nanoparticles in organic pollutant
degradation and CO2 conversion, giving direction involving a deeper
understanding of the mechanisms and kinetics underlying photo-
catalytic reactions involving the ZnO nanoparticles. This aims to provide
valuable insights into the mechanisms involved in the processes of
photocatalysis and adsorption effects for developing accurate kinetic
models that can quantify the rate and efficiency of pollutant degradation
and CO, conversion, ultimately facilitating process optimization and
scale-up. For these reasons, this review focuses mainly on the advances
on multifunctional ZnO-based composites. Combining ZnO with other
materials, such as carbon-based substances or metal oxides. Synthesis
conditions like temperature, pH, and precursor concentration, which
significantly impact the properties of ZnO nanoparticles and their per-
formance. Additionally, surface properties through functionalization
with ligands or polymers, which also influence adsorption and photo-
catalytic capabilities. Another crucial area involves the mechanisms and
kinetics underlying photocatalytic reactions involving ZnO nano-
particles. However, the review is limited to the theoretical and experi-
mental aspects of ZnO nanoparticles and does not examine the practical
implementation of large-scale applications. In addition, though ZnO
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nanoparticles, due to their unique properties, find applications beyond
photocatalysis in electronics, optoelectronics, sensors, biomedicine,
cosmetics, textiles, and energy storage, their application herein is
limited to photocatalytic decomposition of organic pollutants and CO;
conversion.

1.1. Properties of ZnO nanoparticles

ZnO typically exists in three known crystalline phases: hexagonal
wurtzite, cubic zinc blende, and rock salt. The zinc blende and rock salt
phases are cubic and unstable underneath ambient circumstances,
whereas the wurtzite phase is stable (Uikey and Vishwakarma, 2016).
ZnO is commonly found in the wurtzite phase (Fig. 1), and has a small
nanosized range of about 1 - 99 nm and exhibits novel characteristics
which differ from those of bulk materials (Meruvu et al., 2011, Hsueh
et al., 2015).

Interestingly, ZnO nanomaterials have received tremendous atten-
tion as a widely studied metal oxide material in the realm of catalysis
and photocatalysis. ZnO is a highly versatile material that can easily be
synthesized in various forms such as nanotubes, nanorods, nanocombs,
nanoplates, nanowires, nano pellets, and nanoflowers (Kamal et al.,
2023, Lee et al., 2023). It is relatively easy to create defects in the crystal
lattice structure of ZnO, resulting in various morphologies depending on
the synthesis process (Lim et al., 2016). These defects are introduced in
the preparation approach, influenced by the changes in solvent, con-
centration, temperature, pressure, and synthesis time. These factors can
impact the morphology of the ZnO nanostructure, which in turn, alter
the material’s crystal lattice (Sun et al., 2023, Zheng et al., 2024). In
addition, ZnO nanomaterials possess interesting characteristics such as
high surface area, optical activity, antimicrobial activity, biological ac-
tivity, and excellent photocatalytic activity (Joy et al., 2024, Porra-
watkul et al., 2023). ZnO and ZnO-based nanoparticles are applicable in
a broad range of engineering and scientific fields, including environ-
mental sciences (Sathiyaseelan et al., 2023), medicine (Jha et al., 2023),
pharmacy (Omar et al., 2024), agriculture (Nguyen et al., 2024),
building (Klienchen de Maria et al., 2024), energy (Saeed et al., 2024),
gas sensors (Nunes et al., 2019), and electronics (Vyas, 2020).

1.2. Methods of green synthesis of ZnO nanoparticles
There are many methods developed for synthesizing ZnO nano-

particles, including sol-gel (Thi Bich Hop et al., 2024), co-precipitation
(Shreya et al., 2024), hydrothermal (Josun et al., 2024), wet-chemical

Fig. 1. Structure of the ZnO wurtzite crystalline phase (Zn: yellow, O: white).
Reproduced from ref (Borysiewicz, 2019).
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(Anandhi et al., 2024), spray pyrolysis (Kumar and Ahmad, 2022), and
chemical vapor deposition (Swathi et al., 2021). However, these
chemical-based methods are not fully aligned with sustainable devel-
opment goals, as they often consume significant amounts of energy and
rely on toxic and potentially hazardous materials as stabilizing,
reducing, and encapsulating agents. In response to the growing concerns
associated with chemical techniques, the green synthesis approach,
which employs renewable resources such as plant extracts and micro-
organisms, offers an environmentally benign alternative to the
energy-intensive, costly, and potentially toxic methods [(Thi Bich Hop
et al., 2024) - (Anandhi et al., 2024)]. This approach is simple and has
superior properties aligning with the principles of green chemistry by
being safe and minimizes the use of harmful chemicals. Green synthesis
of ZnO nanoparticles offers rich advantages including low cost, high
yield, and purity (Ahmad et al., 2024). In addition, ZnO prepared though
green processes can exhibit enhanced stability in solutions over long
periods of time (Thirumavalavan et al., 2024). Ultimately, ZnO nano-
particles produced by the green routes give high-quality particles with
controlled shape, morphology, and increased yield (Sedefoglu, 2024).
This implies that ZnO nanoparticles, with such unique properties have
gained significant attention in diverse applications, ranging from envi-
ronmental to medicine. Thus, green synthesis methods for ZnO nano-
particles offer a sustainable and environmentally friendly approach,
minimizing the use of toxic chemicals and reducing hazardous waste
generation. By employing natural resources like plant extracts, micro-
organisms, or fungi as reducing and capping agents, these methods
lower energy consumption through reduced temperature and pressure
requirements. The resulting nanoparticles are inherently biocompatible,
making them suitable for biomedical applications. Furthermore, green
synthesis methods provide precise control over the size, shape, and
morphology of ZnO nanoparticles, enabling tailored properties for spe-
cific applications. Many of these methods can be scaled up for industrial
production, making them economically viable and sustainable (Swathi
et al., 2021). While green synthesis methods offer numerous advantages,
they also have some limitations. Biological agents can exhibit vari-
ability, leading to inconsistencies in the properties of the synthesized
nanoparticles from batch to batch. Green synthesis processes often
involve slower reaction kinetics compared to traditional methods
(Sathiyaseelan et al., 2023, Jha et al., 2023, Omar et al., 2024, Nguyen
et al., 2024, Nunes et al., 2019, Vyas, 2020), requiring longer reaction
times. The yield of ZnO nanoparticles from green synthesis methods may
be lower than that of traditional methods (Swathi et al., 2021). Char-
acterizing the complex interactions between biological agents and metal
ions during green synthesis can be challenging and may require
advanced techniques (Kumar and Ahmad, 2022, Swathi et al., 2021).
Some considerations are applied in the preparation of ZnO

Table 1
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nanoparticles via the plant-mediated or microbial-mediated routes,
depending on the targeted applications. The plant-mediated preparation
of ZnO nanomaterials involves using extracts from various plant parts,
including bark, leaves, roots, fruits, flowers, and seeds (Al-darwesh
et al., 2024). These plant extracts contain several phytochemicals with
reducing properties, which are utilized to synthesize ZnO nanoparticles
under moderate temperature. The microbial-mediated synthesis in-
volves the using bacteria, fungi, virus, algae, and yeast as eco-friendly
techniques (Yusof et al., 2019). These microbes produce biologically
active molecules, which are used for synthesizing green ZnO NPs. The
confirmation of formation of synthesized ZnO and ZnO-based nano-
particles is achieved using several spectroscopic and analytical tech-
niques, such as FTIR (Fourier transform infrared) spectroscopy, TGA
(thermogravimetric analysis), UV-Vis (ultraviolet-visible) spectroscopy,
XRD (X-ray diffraction), FESEM (field-emission scanning electron mi-
croscopy), HRTEM (high-resolution transmission electron microscopy),
Ny adsorption—desorption isotherms, and XPS (X-ray photoelectron
spectroscopy). In the present review, we emphasize on these green
methods for synthesizing ZnO and ZnO-based nanoparticles and their
environmental applications. Table 1 summarizes the two main methods
of green synthesis mediated by plants and microorganisms for ZnO
nanoparticles and their applications.

2. Modifications of ZnO nanoparticles

The primary drawback of the ZnO photocatalyst is its large band gap
of about 3.2 eV, which limits its capability to absorb visible light and
renders it only reactive to UV radiation (Das et al., 2021). Moreover,
high rate of recombination of photogenerated electrons and holes hin-
ders its photocatalytic activity, leading to energy loss and reduced
quantum yield (Li et al., 2014). It is possible to improve absorption in
visible light and hence raise the photocatalytic effectiveness by
encouraging interfacial charge-transfer processes. Currently, a lot of
researchers are attempting to structurally modify ZnO to lower its band
gap and make it more active when exposed to visible light. Numerous
methods are used to accomplish this objectives include co-doping,
metal/non-metal doping, creating composites with different metal ox-
ides, employing carbonaceous materials as adsorbents (Josun et al.,
2024, Anandhi et al., 2024).

The efficiency of ZnO nanoparticles in photocatalysis varies signifi-
cantly depending on the type of doping material used. This variation
arises due to the impact of doping on key properties such as the bandgap,
charge carrier dynamics, and surface activity (Basavarajappa et al.,
2020). Effective doping can reduce the band gap of ZnO, enabling visible
light absorption and enhancing photocatalytic performance. For
instance, recent reports have shown that metal doping with Al introduce

Summary of some plants and microbes used for the green syntheses of ZnO NPs and the applications.

Entry Green synthesis source Particle size (nm)

Applications Ref

Plant sources

1. Sorghum bicolor seed -

2. Neem leaf extract 25.26

3. Nauclea latifolia fruit 10.05

4. Wild olive leaves 32.50

5. Mariposa Christia vespertilionis leaves 38.00-68.00
6. Azadirachta indica leaves <10.00

7. Epipremnum aureum leaves 29.00

8. Lantana Camara flower extract 25.00

9. Euphorbia stricta 35.94

10. Pyrus communis leaves 79.00-93.00
Microbial sources

11. Streptomyces plicatus 41.76

12. Lactobacillus spp 32.00

13. Ureolytic bacteria 15.00

14. Streptomyces pseudogriseolus 15.00

15. Burkholderia spp 55.08

Decolorization of dye pollutants
Photodegradation of MB

Removal of Congo red (CR)
Dehydrogenation of formic acid
Sodium-Ion batteries

Removal of pharmaceuticals
Photodegradation of CR
Electrochemical and anti-inflammatory
Removal of MB pollutant

Anti-diabetic and antimicrobial

Biomedicals
Antimicrobial
Decolorization of dyes
Wastewater treatment
Antimicrobial

(Cervantes-Gaxiola et al., 2024)
(Yadeta Gemachu and Birhanu, 2024)
(Abegunde et al., 2024)

(Ullah et al., 2024)

(Idris et al., 2024)

(Sanjeev and Valsan, 2024)

(Brishti et al., 2024)

(Swamy M et al., 2021)

(Durmaz et al., 2024)
(Elankathirselvan et al., 2024)

(Soni et al., 2024)

(Suba et al., 2021)
(Dhandapani et al., 2020)
(Darwesh et al., 2024)
(Roy et al., 2024)
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localized energy levels within the band gap (Xie et al., 2024), while
non-metal doping with N enable band gap narrowing through hybrid
orbital interactions (Sanakousar et al., 2022). In addition, doping im-
proves charge carrier separation and reduces recombination rates,
thereby increasing quantum yield. Kumar and Rao (Kumar and Rao,
2017) demonstrated that co-doping of ZnO with metal and non-metal
ions synergistically enhances charge separation by creating defect sites
that act as electron traps. Furthermore, doping can modify the surface
morphology of ZnO nanoparticles, increasing surface area and the
availability of active sites, which are crucial for efficient photocatalytic
applications (Hasanah et al., 2023).

Unmodified core-shell and surface-modified NPs can elicit different
toxicological responses. Improved solubility and easier functionalization
with less toxicity. These findings imply that surface changes may be used
to mitigate the harmful effects of NPs. Numerous studies have confirmed
ZnO NPs’ toxicity to many cells and species. To address toxicity, several
studies have concentrated on the underlying processes of zinc oxide
toxicity by developing innovative methods for creating biocompatible
zinc oxide nanoparticles. Since photocatalytic reduction of COy uses
abundant and environmentally beneficial solar energy to generate solar
fuels from CO, and water, such as CH4 (Mahmodi et al., 2013, Long
et al., 2017), CH3OH (Das et al., 2021, Li et al., 2014), CO, HCHO, and
HCOOH, it is often referred to as "artificial photosynthesis" (Sharma
et al., 2022). Since they may provide more active sites (low-coordinated
sites like edge and corner sites) on a larger surface area than bulk metal
catalysts, nanocatalyst are being used for CO5 conversion at a rate that is
steadily growing (Prabhuraj et al., 2021, Basavarajappa et al., 2020).
CO4 requires the right catalyst materials and requires a lot of energy to
convert because it is a stable molecule (Habisreutinger et al., 2013). In
the industrial setting, condensation of COy with Hy molecules on
Cu/Zn-based catalysts occurs at high pressure and temperature, con-
verting CO» to alcohols (Gui et al., 2015).

2.1. Bimetallic ZnO nanoparticles

The versatility of doping ZnO nanoparticles with various metals and
metal oxides has shown potential for tailoring bandgap and enhancing
optical/magnetic properties. For example, adding 3 wt.% Cu to ZnO thin
films reduced the bandgap energy from 3.03 to 2.7 eV and shifted the
absorption band edge to 450 nm (Tyona et al., 2017), enhancing visible
light absorption. Strong surface plasmonic resonance (SPR) of noble
metals like Ag and Au can be manipulated through photo-deposition,
improving optical properties (Swathi et al., 2021, Tran et al., 2023).
Metal-based nanoparticles, while stable and biocompatible, require
further improvement for applications due to toxicity and cellular ab-
sorption. Combining two metals to create bimetallic nanoparticles (BNP)
reveals enhanced qualities, expanding their functionality and applica-
tion potential (Ichipi et al., 2022).

Bimetallic nanoparticles have unique physical and chemical prop-
erties, making them increasingly intriguing in recent research (Idris and
Roy, 2023). Their distinctive characteristics, such as large surface areas,
high mobility, and diverse chemical, thermal, catalytic, mechanical,
optical, and magnetic properties, set them apart from monometallic
counterparts, offering superior performance (Arora et al., 2020). The
arrangement of metal atoms determines their potential properties,
which can range from core-shell to random alloyed orientations (Keshta
et al.,, 2024, Shanmugam et al., 2022). Bimetallic nanoparticles are
created by combining distinct metals in a reaction vessel, resulting in
various morphological and structural modifications. These nano-
particles can be produced using diverse combinations of metals and
different approaches, including noble and transition metals. The process
of creating bimetallic nanoparticles involves either disassembling bulk
materials into nanoparticles or synthesizing nanoparticles from their
constituent atoms. Two primary methods for bimetallic nanoparticle
production are top-down and bottom-up strategies. Bimetallic com-
pounds have gained prominence for their role in producing
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heterogeneous catalysts, with significant focus on zinc oxide nano-
materials incorporating various metals. Notably, bimetallic Ag/ZnO
nanoparticles, which include silver (Ag) and zinc oxide (Zn0O), hold in-
dustrial, pharmaceutical, and environmental significance (Ahmad et al.,
2024, Thirumavalavan et al., 2024).

The catalytic efficiency of CO, hydrogenation to methanol can be
enhanced by the strong interactions between the ZnO and other metals.
For instance, the ZnO nanoplate conduction band facilitates electron
transfer to the Cu Fermi level, increasing oxygen vacancies and
strengthening the Cu-plate contacts, thereby improving catalytic prop-
erties. A study demonstrated that encapsulated ZnO@FeHCF exhibited
superior photocatalytic efficiency in removing endocrine phenols from
water contaminated with a smaller band gap, under solar radiation. This
resulted in enhanced resistance to charge carrier recombination and
amplified OH' radical generation (Rachna and Shanker, 2019). In order
to simulate wastewater exposed to natural sunshine, the capacity of Zinc
oxide coupled copper hexacyanoferrate (ZnO-CuHCF) nanocomposite
was synthesized and compared with its parent ZnO and CuHCF nano-
particles, for photocatalysis in the breakdown of those dangerous EBT
and RB dyes from spiked (Rachna and Shanker, 2019). The ZnO-CuHCF
nanocomposite demonstrated superior dye adsorption and rapid pho-
todegradation of EBT (99%) and RB dyes (97%) when exposed to solar
irradiation under ideal conditions. Bimetallization led to improvements
in the catalytic properties of the nanoparticles. This approach introduces
an additional degree of freedom, enhancing the distinct metallic prop-
erties when combined, resulting in differing attributes from those of
elemental particles in their pure form (Rachna and Shanker, 2019).

2.2. ZnO nanoparticles modified with carbon-based materials

Carbon-based materials have gradually attracted the interest of re-
searchers owing to their fascinating properties. Ultimately, the favorable
photoelectric characteristics of carbon-based materials offer good po-
tential for enhancing the oxidation and breakdown of contaminants.
Photoinduced charge separation efficiency is enhanced by these attri-
butes, which include effective electron transit and storage (Hasanzadeh
et al., 2023). Due to their capacity to distribute the active locales across
the surface of catalyst, researchers are currently looking into the pros-
pect of combining carbon-based materials with ZnO. ZnO interacts with
carbonaceous materials with the purpose of slowing down the rate of
electron-hole recombination, such as GO (graphene oxide), rGO
(reduced graphene oxide), and g-C3Ny (graphitic carbon nitride). These
substances facilitate the separation of charges and offer a substantial
surface area for heterogeneous reactions at the surface, leading to an
increase in photocatalytic activity (Zheng et al., 2019).

A range of carbon compounds, including carbon nanotubes, carbon
dots, graphene-based materials, and activated carbon, have various
surface properties, which affect how the CO, molecule interacts with
them. The presence of various functional groups in graphene nano-
structures, large surface areas, high porosity and thus good adsorption
capacities of activated carbons, electron storage capacity of nanotubes,
and good electron transfer properties of carbon dots have created
favorable conditions for CO, adsorption and photoreduction. The effi-
cacy of CO; photo reduction is therefore increased when carbon com-
pounds are added to ZnO (Sharma et al., 2022). When ZnO is hybridized
with carbon materials, its photostability is enhanced primarily through
three mechanisms: In terms of graphite-like carbon, carbon layers create
strong barriers that prevent ZnO nanoparticles from aggregating (Zhang
et al., 2009), carbon material adheres to the empty ZnO sites and pre-
vents the catalyst oxygen atoms from activating (Fu et al., 2008), and the
creation of C-O bonds with decreased graphene oxide composites once
more deactivates the oxygen atoms on the ZnO surface, increasing
photostability (Zhang et al., 2013).

2.2.1. ZnO modified with CQDs
CQDs show promise as photocatalysts due to their coordinated
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fluorescence emission in the visible and near-infrared spectra. Research
indicates that semiconductors modified with CQDs exhibit enhanced
photocatalytic activity when exposed to visible light. Additionally,
CQDs have attracted greater interest than other carbon-based materials
due to their superior photo-induced electron transfer and up-conversion
capabilities (Gao et al., 2020). Carbon quantum dots (CQDs) have drawn
significant attention due to their unique properties, including good
water solubility, low cytotoxicity, and up-conversion photo-
luminescence, influencing ZnO properties (Zirak et al., 2021). They
enhance light absorption, improve utilization, and facilitate charge
separation when introduced into ZnO (Arora et al., 2020, Keshta et al.,
2024). Various studies have demonstrated the enhanced photocatalytic
activity of ZnO/CQDs composites, indicating their potential for superior
performance under visible light (Qu et al., 2020). For example, Shad-
dock peel was used as a carbon source for biomass-derived CQDs syn-
thesized. They created ZnO nanoparticles from ZIF-8, altering CQD
contents using a solvothermal technique. The CQD/ZnO nanocomposite
structure and modification enhance charge separation efficiency, out-
performing ZnO nanoparticles in visible light (Xu et al., 2023).

2.2.2. ZnO modified with biochar

Biochar is cost-effective and has demonstrated the ability to absorb
light, and produce charges for degradation of various pollutants (Qin
et al., 2020). It has large surface area and oxygen-containing functional
moieties which enhances its interactions with contaminants. For
example, biochar formed from cassava residue were used to remove Cd
(Nugraha and Misran, 2023), methylene blue (Bakhsh et al., 2022), and
malachite green (El Hassani et al., 2018) from aqueous solutions. In
another development, biochar derived from soybean brane were used to
adsorb contaminants from wastewaters, including phosphate, benzi-
dine, o-toluidine, and Congo red. However, derived-pristine biochars
have limited adsorption capacity for macromolecules like azo dyes,
leading to prolonged adsorption times, making them unsuitable for
practical use.

In a recent study, ZnO nanoparticles were used to enhance the
adsorption capacity of biochars for the removal of contaminants found
in wastewater. Additionally, a TiO3-ZnO/biochar nanocomposite was
found to efficiently degrade furfural, while ZnO NPs immobilized on
biochar showed high efficiency in removing Malachite green through
photocatalytic degradation. A critical component of increasing photo-
catalytic activity is thought to be oxygen vacancy, which can generate
more reactive species to break down Malachite green through conjugate
structure, demethylation, deamination, and benzene ring structure
destruction (Jing et al., 2021). The composites created with ZnO
nanoparticles and biochar combine their advantages. The large specific
surface area of biochar and the dispersion of ZnO nanoparticles create
more reactive sites, increasing the photodegradation capacity of the
composite catalyst. This synergistic effect enhances pollutant removal
through a combination of photocatalysis and adsorption (Mankomal,
2022).

2.2.3. ZnO modified with activated carbon

Recent studies have demonstrated that activated carbon (AC) has a
strong ability to adsorb various contaminants, including natural gas,
butane, dyes, phenols, and p-chlorophenols (Jahanbakhsh and Ebra-
himi, 2016). However, heavy metal adsorption requires specific func-
tional groups on activated carbon. Activated carbon is commonly used
in the fabrication of ZnO/activated carbon composites due to its large
surface area, good conductivity, and chemical stability. The synthesis of
ZnO/activated carbon creates energy sub-levels in the material’s
bandgap and enhances the duration of photogenerated electron and
hole. Supporting ZnO nanoparticles on porous materials like AC in-
creases active adsorption sites and photo reactivity. The combination of
zinc oxide’s photoactivity and carbon’s adsorption ability produces a
synergistic effect. The addition of AC increases ZnO specific surface area,
pore size, electron transfer, and adsorption capacity for organic
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pollutants degradation, resulting in increased catalytic efficiency (Lee
et al., 2019). The photodegradation of MB on ZnO/LSAC is 9.79 times
larger than that of ZnO, attributed to indirect Methylene blue and AC
photosensitization. The indirect Methylene blue and AC photosensiti-
zation are attributed to this increased photocatalytic activity (Van Hung
et al., 2021). By coupling the large band gap energy ZnO material with
activated carbon, the photo response has been successfully extended to
the visible area of the spectrum (Vinayagam et al., 2016).

In a published study (Liu, 2016), ZnO nanorod arrays/carbon fiber
composites were created using an in-situ controlled method. The com-
posites demonstrated remarkable activity in the photoreduction of CO,
to GH30H, with a maximum yield of 430.2 ymolg™! h™! under irradia-
tion with a 7.15-fold increase over that of pure ZnO (60.2 ymolg™* h™1).
We know that sp? hybridization gives carbon atoms on the carbon fiber
surface a somewhat negative character, and that Zn?* metal ions tend to
adsorb on this surface.

2.2.4. ZnO modified with CNTs

Research indicates that adding organic, inorganic, or biological
species to the surface of carbon nanotubes can significantly alter their
characteristics. Carbon nanotubes (CNTs) are suitable catalytic supports
for metallic particles due to their large surface area and high electron
conductivity. Surface modification is the focus of CNT research, with
metal oxides and sulphides being used to modify CNTs. Incorporating
CNTs into the ZnO layer can improve charge transport and electron
lifetime, eliminating the disadvantages of using ZnO alone as a photo-
catalyst (Das et al., 2021, Li et al., 2014). CNTs also suppress
photo-corrosion and increase photocatalytic effectiveness (Mohd Adnan
et al., 2019). Research shows that ZnO performs better when CNTs are
present, with enhanced mechanical, electrical, and sensing capabilities
(Dasetal., 2021, Li et al., 2014). ZnO-CNT nanocomposite has been used
to create nano resonators, super capacitors, and biosensors with excel-
lent sensitivity and selectivity (Mohd Adnan et al., 2019).

As a result, research shows that ZnO nanocomposites with CNTs
perform better than pure ZnO. Zhou et al. created hierarchical ZnO/CNT
microsphere composites for photocatalytic abatement of methylene
blue, achieving 92.3 and 76% degradation efficiencies (Zhu et al., 2015).
Wang and colleagues synthesized CNT-ZnO composites, resulting in
enhanced mechanical, electrical, and sensing capabilities. ZnO-CNT
nanocomposite has been used to create nano resonators, super capaci-
tors, and biosensors (Zhu et al., 2015). ZnO-CNT nanocomposite has
been used to create nano resonators, super capacitors, and biosensors
with excellent sensitivity and selectivity. These devices have increased
performance and a wide range of uses (Cursaru et al., 2021).

2.2.5. ZnO modified with graphene and graphene oxide

Nanocomposites based on metal nanoparticle-decorated graphene
have numerous applications in light energy conversion, sensors, and
biosensors due to their stability, broad potential window, and strong
electron transport capabilities (Xie et al., 2024, Sanakousar et al., 2022).
Planar graphene (GN) and graphene oxide-based nanomaterials have
been widely used in sensing due to their exceptional charge transfer
properties, large specific surface area, high electrocatalytic activity, and
affordability (Dar et al., 2022). Both ZnO and graphene are effective
electro-catalysts, and by combining the two with graphene acting as a
support, the activity may be further increased. It has been revealed that
ZnO NPs directly synthesized on the graphene surface make suitable
electrode materials for supercapacitors (Dar et al., 2022). Graphene
oxide, a two-dimensional material, has been investigated for applica-
tions in biological sensors, photocatalysis, and nanocomposite supports.
GO, a more hydrophilic material, is more suitable for incorporation into
the ZnO matrix, making the synthesis of ZnO composites simpler (Ara
et al., 2022).

Graphene oxide and zinc oxide nanorods have been discovered for
multipurpose catalytic uses, with a combination of amino groups and
GO carboxyl groups demonstrating great stability and dependability
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(Kachere et al., 2022). The suppression of yellow-green emission
through luminescence demonstrated the effective transport of electrons
from excited ZnO to GO sheets (Jin et al., 2022). ZnO-GO composites
with a regulated GO concentration are promising for a range of appli-
cations, with the strongest catalytic action during a 360-minute light
period compared to pristine ZnO. According to the experimental find-
ings, ZnO-GO exhibited the strongest catalytic action during a 360-min-
ute light period compared to pristine ZnO. Also, study findings indicate
that ZnO/GO nanocomposites with a regulated GO concentration are
very promising for a range of applications (Kachere et al., 2022), as
presented in Fig. 2.

CH30H and HCOOH were the primary products of COz photore-
duction using a new reduced-GO-ZnO with metal organic framework
(Ui0-66-NHjy), a three-component system. Since the CB of the included
MOF is more negative than the CO, reduction potential, it was discov-
ered that the reported system adheres to the Z-scheme mechanism.
Therefore, in agreement with the reduction potential values, the accu-
mulated electrons in the CB of UiO-66-NHy may easily reduce CO5 to
HCOOH and CH3OH. Reduced-GO, on the other hand, greatly improved
the photocatalytic activity and worked well as an electronic transfer
medium (Meng et al., 2019).

Graphene oxide (GO) is gaining significant interest due to its similar
qualities to graphene and its unique surface structures created by adding
carboxyl and hydroxyl groups for the manufacture of nanocomposites
(Li et al., 2012). In particular, the goal to increase photocatalytic effi-
ciency has drawn significant research efforts to the creation of semi-
conductor/GO composites. The enhanced light absorption range,
absorptivity of pollutants, and the effective charge transportation and
separation are the three best qualities of a photocatalyst (Zhang et al.,
2010). Consequently, it is thought that anchoring orderly ZnO nano-
structures on GO sheets can effectively use the complementary advan-
tages of ZnO and GO to produce a photocatalyst with improved
performance. Li et al., compared ZnO/GO nanocomposite to GO sheets
and flower-shaped ZnO particles, it shows much greater photocatalytic
efficacy for the photodegradation of organic dyes from water under
visible light (Li et al., 2012). The efficient photosensitized electron in-
jection and repressed electron recombination resulting from the
electron-transfer process with GO acting as an electron collector and
transporter are responsible for the ZnO/GO nanocomposite’s increased
photocatalytic activity (Li et al., 2012). The ZnO/GO composite is a

Graphite

Fig. 2. Formation mechanism of ZnO/GO nanocomposite.
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great option for applications pertaining to various environmental chal-
lenges because of these characteristics.

Since carboxyl and hydroxyl groups on their surfaces make GO an
excellent dispersive material in any solvent, it is a prime candidate
among carbon-based materials for integration with ZnO-based photo-
catalysts. Moreover, when conjugated with ZnO, GO may facilitate
charge separation (Mohammed and Shekargoftar, 2021, Mohd Adnan
et al, 2019). Due to their superior physicochemical and
photo-electrochemical qualities over other nanomaterials, GO-based
ZnO nanoparticles have gained popularity recently for photocatalytic
applications. Additionally, the formation of effective heterojunctions
with intimal contact between ZnO and GO is made possible by their high
specific surface, which has many active sites and good support qualities.
This accelerates charge transfer and catalyst dispersion, both of which
enhance photocatalytic performance (Zhu et al., 2015, Cursaru et al.,
2021).

2.2.6. ZnO modified with graphitic carbon nitride

Graphitic carbon nitride (g-C3N4) photocatalysts are popular due to
their chemical characteristics and suitable band width for visible light
harvesting (Lin et al., 2019). However, their efficiency is limited due to
quick recombination of photogenerated carriers and weak oxidation
capacity. Hybridizing g-C3N4 with other materials, such as ZnO, can
improve photocatalytic activity (Yadav and Sinha, 2017, Sharma et al.,
2022). g-C3N4/ZnO nanocomposites perform better at degrading dyes
(Lu et al., 2015, Rosen et al., 2015) pharmaceuticals (Sun et al., 2022),
perfluoroalkyl substances (PFAS) (Navidpour et al., 2024), pesticides
and herbicides (Navidpour et al., 2024) as well as wide range of organic
and inorganic pollutants. The unique Z-scheme charge transfer channel
offers better redox capacity and improved separation of photoexcited
electrons and holes (Paul et al., 2020). Zinc oxide-GCN nanocomposites
produced from urea and zinc nitrate hexahydrate exhibit enhanced
photoactivity under visible light illumination (Paul et al., 2020).

As g-C3Ny4 has an isoelectric point of 4.6 and ZnO has an isoelectric
point of >10, it is commonly recognized that ZnO and g-C3N4 have +ve
and -ve charges, respectively (Zhu et al., 2015). Therefore, electrostatic
forces between these two semiconductors are favorable due to which
these can be easily combined. In this way the charge separation is
stimulated and resulted in an increased stability of the synthesized
composite. Using g-C3N4 coated porous ZnO nanosheets, Guo et al. (Guo
et al., 2020) investigated CO, reduction in the presence of water vapors.
Both the chemical adsorption of CO2 molecules over ZnO nanosheets
and light absorption were markedly improved by the loading of g-C3Ny.
Furthermore, compared to pristine ZnO or g-C3Ny, the heterojunctions
(ZnO/g-C3Ny4) that form greatly lower recombination, which increases
the CO; reduction activity of composites.

2.3. ZnO modified with advanced organic polymers

A growing amount of attention has been paid to polymer nano-
composites recently due to the potential uses of nanoparticles scattered
throughout a polymer matrix in a variety of scientific and technological
domains (Mostafa et al., 2020). The combination of nanomaterials with
biopolymers has garnered interest due to its exceptional efficacy and
eco-friendliness. Additionally, this link will lessen the possibility of
metal concentrations or their oxides seeping into the environment (Rani
and Rachna, 2020).

2.3.1. ZnO modified with chitosan

Chitosan, the second most common natural polymer, is effective in
removing heavy metals from wastewater, including lead (Pb), mercury
(Hg), copper (Cu), chromium (Cr), nickel (Ni), cadmium (Cd), and
arsenic (As) (Khalil et al., 2020). Its qualities include biocompatibility,
biodegradability, abundant availability, antibacterial action, and
non-toxicity (Basit et al., 2024, Hamedi et al., 2018, Malerba and
Cerana, 2018). However, modified chitosan is more effective than pure
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chitosan due to its lack of solubility in acidic settings. Surface modifi-
cation has been used to enhance structural properties (Shanmugam
et al., 2022, Ehsan et al., 2022).

ZnO/chitosan nanoparticles are synthesized using its induced
biopolymer, and chitosan functions as a template matrix printer pore on
the surface (Rilda et al., 2015). Doping with metal oxide nanoparticles
can improve their intrinsic properties, such as surface area and
photo-catalytic effectiveness. Chitosan’s structure includes amino and
hydroxyl functional groups, which are particularly significant for
creating composites with metal oxides (Rachna and Shanker, 2019,
Hasanzadeh et al., 2023). Chitosan’s photocatalytic activity and syner-
gistic impact of sorption processes have led to interest in its modification
using nanomaterials, particularly metal oxide nanoparticles like tita-
nium, copper, iron, and zinc (Ma et al., 2016). Transition metal oxide
nanocomposites with chitosan have been used in dye abatement (Zango
et al., 2022), with successful results in removing carcinogenic PAHs and
adsorbing dyes from an aqueous medium (Rani and Rachna, 2020).

2.3.2. ZnO modified with MOFs

Due to their ample surface area and adjustable structure (Zarekarizi
et al., 2018), metal organic frameworks (MOFs), are hybrid
organic-inorganic molecules that have attracted a lot of interest in a
variety of exploitations, including catalysis (Haruna et al., 2023a, Har-
una et al., 2023b), gas sorption and separation (Zirak et al., 2021, Gu
et al., 2019), sensing (Dong et al., 2019) and pollutants remediation
(Adamu et al., 2023). MOF-5 has recently been employed as a sacrificial
precursor in the pyrolysis or thermolysis process to create ZnO/C com-
posites with a wide specific surface area and various porous nano/micro
shapes (Qu et al., 2020, Xu et al., 2023). According to reports, the ZnO
nanoparticle in ZnO/C composites made from MOFs distributed uni-
formly within a very porous carbon matrix (Hussain et al., 2019). Ac-
cording to Hu et al., MOF-5 that had been partially hydrolyzed was
annealed to create the ZnO/C nanocomposite. With aggregation of ZnO
nanoparticles and a porous structure, the resulting ZnO/C maintained
the petaloid morphology. According to the findings, ZnO/C shown
exceptional adsorption and photocatalytic activity on MB breakdown
when exposed to sunshine (Hu et al., 2020).

According to the report by Buasakun et al (Buasakun et al., 2021),
due to the exceptional qualities of both ZnO and MOF, their coexistence
can improve photocatalytic efficiency by reducing the energy band gap,
preventing the recombination of electrons and holes, enhancing the
capacity to absorb light from the UV to visible regions, and increasing
the adherence of dye. According to our findings, ZnO@MOF-46(Zn)-DW
functions as an effective photocatalyst in MB degradation due to the
synergistic effect of ZnO and MOF-46(Zn). Adamu et al., employed the
modification of MIL-101(Cr) with bio synthesized ZnO nanoparticles for
the photocatalytic degradation of phenanthrene (Adamu et al., 2024).
Accordingly, almost complete degradation of the pollutant (98%) was
achieved within shortest irradiation time of 150 minutes which has been
attributed to the lower bandgap of the MIL-101(Cr)@ZnO composite
(Adamu et al., 2024).

Based on report by Da Trindade et al (Ramasubbu et al., 2019), when
compared to the value obtained for the pure ZnO, the band gap value of
the composites reduced due to the addition of Zr-MOF. The band gap
decrease is contingent upon various parameters such as surface
morphology, optical characteristics, and particle size. Zr-MOF was in-
tegrated with ZnO particles to form a hierarchical porous structure. This
porous structure and the smaller particles give the ZnO/MOF material
with rough surface. Because they enable light photons to enter the pores
more deeply and reflect severally before easily exiting, these rough
surfaces are advantageous. As a result, photons linger in these porous
surfaces for comparatively long time. Because there is less incident
photon scattering loss on the rough surface, there is more light ab-
sorption, which lowers the band gap (da Trindade et al., 2021). In
comparison to pure Zr-MOF, the composite that was produced when
ZnO was added to the Zr-MOF (substrate) has greater surface area and
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significantly better hierarchical pore structure. Thus, it displays typical
type IV isotherm with type H3 hysteresis loop. The increased pore ca-
pacity and surface area are advantageous for raising performance. Better
photocatalytic performance is demonstrated by the ZnO/ZrMOF
generated in the report (Cui et al., 2019).

2.3.3. ZnO modified with COFs

A class of crystalline porous organic polymers with highly organized
structures and persistent porosity are called covalent organic frame-
works (COFs). With their distinct morphologies and conformations,
COFs can interact with photons, electrons, holes, spins, ions, and mol-
ecules to create limited molecular spaces and interfaces that can be used
for molecular design and functional development (Geng et al., 2020). By
combining COFs with other functional substances including metal ox-
ides, perovskites, and metal particles, composites are created that blend
unique physical and chemical features of the functional materials with
COFs’ high porosity and large surface areas (El Hassani et al., 2018, Jing
et al,, 2021). Additionally, by bandgap engineering the composites,
metal oxide/COF heterojunctions with superior activity in photovoltaic
units and as photocatalysts may be developed (Zhang et al., 2020).

2.3.4. ZnO modified with MIPs

Molecularly imprinted polymers (MIPs) have been employed as an
effective sorbent in solid-phase extraction (SPE) recently. MIPs are
highly selective materials possessing unique molecular recognition ca-
pabilities for target molecules (Mankomal, 2022, Jahanbakhsh and
Ebrahimi, 2016). Since MIPs are resistant to high temperatures and
pressures, easy to prepare, have good selectivity, chemical stability,
physical toughness, and are inexpensive, they have been used widely as
sorbents in the extraction of analytes (Didaskalou et al., 2017). The high
exterior surface area to volume ratio of nanoparticles (NPs) leads to
increased chemical reactivity and capacity as well as quick binding ki-
netics, making them attractive substrates for surface imprinting. The
chemical and physical characteristics of sorbents, such as their uniform
spherical geometry and easy, steady dispersion, are enhanced by NPs.
ZnO-NPs are one kind of NP that is readily available (Siddiqi et al.,
2018). Due to ZnO NP’s unique compatibility with both organic and
aqueous solvents, it can be incorporated into the majority of material
processing operations (Vinayagam et al., 2016, Liu, 2016).

Using a surface imprinting polymerization approach, MIP on ZnO-
NPs was easily prepared for the purpose of determining meloxicam in
real samples under ultrasonic radiation (Rahmati and Rafiee, 2019). The
use of high surface area ZnO-NPs as a suitable support for surface
imprinting in this investigation was innovative. ZnO-NPs serve as
nanoscale support for specific recognition, and the resulting MIPs have
high adsorption and particular recognition properties in addition to
being biocompatible and biosafe. ZnO-NPs have therefore been devel-
oped to work in conjunction with the surface imprinting polymerization
method.

Ultimately, research involving the modifications of ZnO has been
done so much and it continues to advance with great potential for
commercialization. The type of photocatalyst material, pollutant and its
concentration, light source, and energy band gap significantly influence
the photocatalytic degradation. A comparison of the factors affecting
photocatalysis using ZnO and ZnO-based nanoparticles is presented in
Table 2.

2.4. Role of ZnO morphology and surface properties for catalytic
application

The ZnO nanoparticles surface properties and morphology have been
key factors for the catalytic activities of the material. It exhibited various
surface morphologies with different nanostructures. Some common ZnO
nanoparticles surface morphologies include structures such as nano-
spheres (Rani and Rachna, 2019), nanotubes (Vijayakumar et al., 2020),
nanowires and nanorods (Luo et al., 2020), nanostars (Veerakumar
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Table 2
A thorough comparison of factors affecting photodegradation of pollutants using ZnO and ZnO-based photocatalysts.
Entry Photocatalyst Pollutants Experimental conditions Band gap Degradation Ref.
(eV) (%)
1. ZnO MB UV light/15.00 mg/L/1-3 h 2.93 100.00 (Luque-Morales et al., 2021)
MO 85.00
Rh B 92.00
2. ZnO Rh B Solar light/50.00 mg/L/3 h 2.94 93.00 (Luque et al., 2022)
3. ZnO MB/Mathanil yellow UV light/20.00 mg/L/100 min 2.93 99.00 (Priyadharshini et al., 2022)
4. ZnO CR 6 W UV light/120.00 mg/L/3 h 2.88 99.00 (Gaur et al., 2023)
5. Co-ZnO CR 8 W UV light/35.00 mg/L/75 min 2.74 91.00 (Kumar et al., 2022)
6. Cu-ZnO Indigo Carmine 30 W UV light/15.00 mg/L/80 min 3.23 92.20 (Karthik et al., 2022)
7. Eu/ZnO MB 15 W UV light/40.00 mg/L/30 min 3.04 99.00 (Haladu et al., 2025)
8. ZnFe;04/Zn0O Rh B 30 W visible light/10.00 mg/L/4 h 1.89 91.87 (Nguyen et al., 2022)
9. Zn0-Sn0, MB 300 W visible light/10.00 mg/L/2 h 2.84 82.45 (Dharmana et al., 2024)
10. CoCr04/Zn0O Malachite green (MG) 50 W visible light/10.00 mg/L/2 h 2.80 90.91 (Fadhila et al., 2024)
11. Fe-ZnO/TiO4y MO 14-23 W visible light/10.00 mg/L/2 h - 78.99 (Davoodi and Shafeeyan, 2024)
12. GO/ g-C3N4/ZnO MB 100 W visible light/15.00 mg/L/1 h - 90.00 (Shakoor et al., 2024)
13. GOs@Ag>-ZnO Crystal violet 50 W visible light/5.00 mg/L/150 min - 97.00 (Kaur et al., 2024)
14. Ni-ZnO/TiO4y Chlorpyrifos UV light/50.00 mg/L/200 min - 92.30 (Esfandian et al., 2024)
15. ZnO@MWCNTs CR UV light/2.00 mg/L/90 min 3.17 92.00 (Abisha et al., 2024)
16. ZnFe;04/Er-ZnO Tetracycline 300 W visible light/10.00 mg/L/1 h 1.94 97.00 (Yu et al., 2025)
17. Zn0O/Ti05/Cd0/g-C3N4 MB 200 W visible light/10.00 mg/L/30 min 2.12-2.85 99.70 (Upadhyay et al., 2025)
MG 99.80
MO 99.90

et al., 2021), nanosheets (Rani and Shanker, 2019), nanoflowers
(Katiyar et al., 2020) etc. Each possessed unique structural features
which has influence on their surface properties and catalytic applica-
tions. The nanospheres comprised of particles with spherical
morphology, while the nanotubes have tubular structures with the
nanorods having rod-like morphologies. Similarly, the nanowires are
made up of elongated wire-like shapes and the having the flower-like or
hierarchical structures. The nanostructure ZnO exposed to crystal facets
{001} has higher catalytic activity, while the one having higher per-
centage of the {100} crystal facets have may exhibit unique surface
properties and catalytic behavior. Similarly, the ZnO having combina-
tion of the crystal facets possessed higher adsorption and catalytic effi-
ciency. The mesoporous ZnO possessed porous and nanostructures that
allow for rapid mass transfer and adsorption of pollutant molecules for
photocatalytic applications (Singh et al., 2013), whereas, the hierar-
chical nanostructures ZnO has multiple branches of interconnected
networks, that facilitates the light harvesting efficiency (Wang et al.,
2017). On the other hand, the hollow structure ZnO possessed porous
shell structure and offer high surface area and catalytic activities
(Kovacs et al., 2022). For the ZnO with synergistic effects, the core-shell
structure nanoparticles consisting of a material (e.g., metal, semi-
conductor) encapsulated within ZnO shell has been the best option
(Matei et al., 2023). Thus, understanding the relationship between ZnO
surface morphology has been vital for the optimization of the perfor-
mance of the material. Fig. 3 has depicted some ZnO nanostructure
morphologies for the catalytic applications.

Thus, the ZnO nanostructures with distinct morphologies possessed
different surface characteristics, in terms of surface area, crystal facets,
surface defects, and electron transport properties which affect the cat-
alytic efficiency of the materials. Some key aspects of how ZnO
morphology influences its catalytic performance are:

i. Surface Area: For ZnO nanostructures with high porosity provide
avenue for guest molecules adsorption. For examples nanosheets,
nanotubes, and nanorods, the materials offer available number of
adsorption sites for uptake of molecules and generate sufficient
reactive oxygen species for the catalytic applications.

ii. Crystal Facets: The ZnO nanoparticles crystal facets such as
{001}, {100}, or {110}, has higher photocatalytic applications.
The catalytic efficiency of the materials is influenced by their
affinity of adsorption towards the target molecules and their ef-
ficiency for the generation of reactive oxygen species (ROS).

ii
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Fig. 3. Different morphologies of ZnO nanostructures.

Surface Defects: The occurrence of defects on the ZnO surface e.
g., OXygen vacancies, can generate active sites for the guest
molecules adsorption. The defects also facilitate the electron-hole
pairs and ROS generation which contributed to ZnO materials
higher catalytic activities (Manna and Sen, 2023).

iv. Charge Carrier Dynamics: The ZnO morphology has influence on

the electrons and holes migrations and effective separations. For
instance, hierarchical and mesoporous structures prevent
frequent recombination of photogenerated species and promote
their separation which enhance the lifetime of the generated ROS.
. Light Harvesting Efficiency: The morphological features of hier-
archical structures influence the ZnO light harvesting efficiency
and improve the materials performance for the solar light ab-
sorption and scattering effect for the catalytic applications.
Synergistic Effects: The coupling of two or more ZnO to form
hybrid materials or incorporation of other material into ZnO to
form composites generate distinct morphologies with synergistic
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effects for photocatalytic applications. For instance, hybrid ma-
terial of ZnO/Zn0O (Matysiak and Zaborowska, 2019) and ZnO
with g-C3N4 (Wang et al., 2023), improved the adsorption per-
formance as well as light absorption efficiency and charge sepa-
ration efficiency of the materials for catalytic applications.

Overall, the ZnO nanostructures morphology and surface properties
play significant role in their adsorption and photocatalytic activities
particularly their affinity to the target molecules, light harnessing effi-
ciency, and synergistic interactions with other functionalized materials.
Thus, tailoring the ZnO materials morphology by controlling the syn-
thesis condition provide avenue optimizing their performance for cata-
lytic and versatile applications including environmental remediation,
wastewater treatment, and energy conversion.

2.5. Benchmarking the efficiency of ZnO over other latest materials
towards CO5 reduction

Recently, ZnO and their NPs’ derivatives have been increasingly
drawing attention, notably over the past decade due to their distinct
physical and chemical properties, making them ideal for use in multi-
tudinous applications across various fields including CO, reduction. ZnO
possesses high surface area, efficient charge separation, and tunable
electronic properties, which enhance CO: adsorption and catalytic
conversion (Raha and Ahmaruzzaman, 2022). Typically, ZnO plays a
crucial role in enhancing CO, adsorption across various applications
through several key mechanisms. First, they enable chemisorption due
to their strong affinity for CO, via Lewis acid-base interactions, creating
additional binding sites that increase adsorption capacity and efficiency.
Second, typically, they featured a larger surface area by their modified
adsorbents, allowing more CO, molecules to be captured, which boosts
performance (Lee et al., 2016). Additionally, ZnO improves the stability
of adsorbents, reducing material degradation and extending their life-
span, thus supporting more sustainable CO5 capture systems. Besides its
prominence in CO, reduction, ZnO is applicable in areas like photo-
catalysis, biomedicals, sensors, and energy storage. Strategies such as
doping, nano-structuring, and surface modifications are used to adjust
ZnO’s physical and chemical properties to enhance CO; reduction,
however, with favourable band gap of ZnO is considered a key
remarkable feature that supports efficient photocatalytic activity (Sun
et al., 2023). For instance, a direct band gap of approximately 3.2 eV for
ZnO, is ideal for photocatalytic applications. This energy level allows
ZnO to absorb UV light, making it effective in harnessing solar energy for
the photocatalytic reduction of COz2 (Mubeen et al., 2023).

Though only the UV portion of sunlight is absorbed which is limited,
the band gap can be tuned by doping with various elements to shift light
absorption into the visible spectrum. Lee et al., (Schott et al., 2017)
reported that ZnO’s efficient charge separation characteristics help
minimize electron-hole recombination. Such that this allows more
electrons to be available for the reduction of CO; into useful products,
such as methanol or carbon monoxide. In related work, Ibrahim et al.
(Khan et al., 2019) reported that a broad range of nanostructures, such
as nanorods, nanowires, nanosheets, and nanoparticles synthesized from
ZnO, possess high versatility with a wide range of nanoscale morphol-
ogies and tunable growth which often increases the number of active
sites available for CO5 reduction. Moreover, the incorporation of the
nanostructures as supporting precursors, often upscale the CO; reduc-
tion capability of the ZnO due to the expansion of high surface area and
mesoporosity. Further established is that ZnO nanomaterials contained
oxygen vacancies, which act as active sites for CO5 adsorption and
conversion. These defects help activate the CO, molecules, lowering the
energy barriers required for the reduction reaction (Le Pivert et al.,
2019).

Abir and Somnath (Chakravorty and Roy, 2024) highlighted ZnO as a
non-toxic and environmentally friendly compound, in contrast to heavy
metals like Cd and Pb, which pose environmental risks. They
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emphasized ZnO’s superior chemical and thermal stability, making it
less prone to photo-corrosion than photocatalysts like TiO2.. Addition-
ally, ZnO serves as both a photocatalyst and electrocatalyst, offering
multifunctional capabilities for CO2 reduction, requiring lower over-
potentials and thus less energy than other oxides such as TiOz and Fe;0s.
In yet another work by Ewelina et al., photocatalytic reduction of CO5 to
CO, CHy, and H; using Zn-based photocatalysts in alkaline and aqueous
environments was investigated (Kusiak-Nejman et al., 2024). The ZnO
photocatalysts showed high solubility in water, forming a homogeneous
solution with slightly lower photoactivity than the heterogeneous sus-
pension due to a reduced concentration of bicarbonate ions. The selec-
tivity order was Hy > CO > CH,4, with —Zn-O-Zn- hydrous bridges
playing a key role in CO, transport. Zhang et al reported superior pho-
tocatalytic activity for CO2 reduction to fuels compared to CdS alone
under visible light. In a gas mixture of 15% CO, and 85% Ar, with 10 mL
of water, the catalyst produced 35.2 pmol/g/h of CO and 5.9 pmol/g/h
of CH4 over 4 hours at 0.4 MPa pressure. Guo et al. developed a
ZnOg-promoted ZnO photocatalyst through H,O, treatment, which
increased surface area and oxygen vacancies. As a result of the
enhancement, the catalyst demonstrated 21 times higher CO; reduction
efficiency to methane and methanol compared to pristine ZnO (Gao
et al.,, 2017). However, while ZnO possesses impressive attributes for
efficient CO, reduction as highlighted in Fig. 4, an improvement in the
performance ability can be enhanced through the creation of hetero-
junctions with other semiconductors (such as g-C3Ny4, CuO, or TiO») that
can optimize light absorption and charge separation of ZnO, utilizing
ZnO quantum dots or further engineering its nanoscale morphology can
enhance light absorption and electron mobility (Kaur et al., 2024,
Esfandian et al., 2024).

3. CO5 conversion with ZnO-based materials

The pollution due to CO2 resulting natural and anthropogenic pro-
cesses is inducing serious environmental issues. The COy has been a
greenhouse gas that is majorly released into the atmosphere through
burning fossil fuels, like crude oil, natural gas, coal, due to energy de-
mand and transportation that resulted in release of the CO into atmo-
sphere in large quantity (Photo-oxidation et al., 2020, Kumar et al.,
2018). Deforestation and excessive land-use also largely contribute to
the release of CO; into the atmosphere but to a lesser degree than the
fossils burning. Additionally, the CO- is released due to various indus-
trial practices such as steel manufacturing, cement production chemical
production, and other heavy industrial practices that emit CO5 as a
byproduct (Chauhan et al., 2019, Lin et al., 2019). When accumulated in
the atmosphere, the CO3 and other greenhouse exert blanketing effect by
trapping the solar heat which otherwise will escape into the space. The
trapping effect of the COy causes Earth’s surface and atmospheric
warming (Zhou et al., 2017, Ding et al., 2017). Thus, it served as major
contributor to the global warming that causes climate change that
disrupt ecosystem because of increasing global temperature, ocean
acidification and extreme weather condition (Zango et al., 2024). There
is excess of CO, which accounted up to the 3.9% with respect to the
natural carbon cycle (Tseng et al., 2002). Still, to keep up with the
economic growth, consumptions of fossil fuels is expected to keep on
rising which directly translates into more CO5 emission to the atmo-
sphere (Sun et al., 2022).

Thus, CO3 mitigation is an urgently needed to address the recurring
atmospheric phenomenon that is destructive to the ecosystem. Over the
years, researchers have made efforts to achieve a carbon neutral envi-
ronment (Ren et al., 2021). Such efforts include capturing and recycling
CO4, to produce energy-rich products. Due to the chemical stability of the
CO is its conversion to useful products requires high temperature and
pressure and often catalysts are needed to achieve faster and higher
yield of conversion (Sun et al., 2022). Currently, the valorization ap-
proaches for CO, includes CO5 decomposition, CO, hydrogenation,
RWGS (reverse water gas shift) and DRM (dry reforming of methane)
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Fig. 4. Impressive attributes of ZnO for efficient photocatalytic CO, reduction to other valuable products.

with CO5 (Sun et al., 2022). However, due to the stability of CO,, its
conversion to chemical building blocks and synthetic fuels is often a
tedious process (Sun et al., 2022). Currently, the use of artificial
photosynthesis is an ideal method for CO, conversion into liquid hy-
drocarbons (Sayed et al., 2021). The process is facile, green and does not
require high reaction temperature or pressure to be maintained. In early
1979, semiconductors like TiO3, ZnO, CdS, SiC and GaP were reported to
show photocatalytic performance towards CO5 conversion into meth-
anol and ethanoic acid. Other approaches for CO, conversion include
electrocatalysis and chemocatalysis (Guzman et al., 2022).

Recently, methods for CO, conversion technologies present signifi-
cant environmental implications that must be carefully considered.
While these technologies, such as carbon capture and utilization (CCU),
electrochemical conversion, and biological conversion, offer potential
solutions for reducing greenhouse gas emissions, they often require
substantial energy inputs that can diminish their carbon reduction
benefits if the energy is derived from fossil fuels (Turakulov et al., 2024).
Additionally, the water footprint associated with these processes can be
considerable, particularly in water-scarce regions (Kula et al., 2024). To
enhance sustainability, researchers are investigating the integration of
renewable energy sources and reclaimed water into CO2 conversion
processes. Ultimately, the effectiveness of these technologies in miti-
gating climate change is closely linked to the sources of energy used and
their compatibility with ecological systems, highlighting the need for a
balanced approach in their development and implementation.

3.1. Pristine and modified ZnO nanoparticles for CO2 conversion

ZnO is an n-type semiconductor that has earned significant attention
owing to its low cost, physical and chemical stability and low toxicity
with a band gap of ~ 3.37 eV (Darwesh et al., 2024, Singh et al., 2013,
Wang et al., 2017). It has a high electron mobility (115—205 cm? V!
s D and large excitonic binding energy (60 meV) (Zanardo et al., 2023).
ZnO has a conduction band with a negative potential (Ecg = —0.44 eV)
and is able to photocatalytically reduce CO5 to CO or CH4 (He et al.,
2015). However, in view of the unsatisfactory performance of activating
thermodynamically stable CO, by pristine photocatalysts, various forms
of modified photocatalysts/cocatalyst have been synthesized for effec-
tive separation of charge carriers so as to have better CO5 reduction
ability (Sayed et al., 2021). Among the photocatalysts, ZnO has been
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frequently used for catalysis due to its efficiency to harness light from
solar and other artificial sources to generate photoexcited species that
reacts with water and oxygen to generate free radicals species that
causes the photoinduced the CO, conversion (Geioushy et al., 2022).

For instance, synthesis of ZnO using thermal decomposition at 300,
350, and 400 °C for CO, photoreduction was conducted for the CO4
conversion to CH3OH and CH3CHO (Hegazy et al., 2020). Highest per-
formance was recorded using ZnO synthesized at 350 °C. The low per-
formance in the case of ZnO synthesized at 400 °C was attributed to
oxygen vacancies which served as either recombination centers or
electrons trap sites. Similarly, the methanol generation increased in the
order NaHCO3> NaOH > NaCl when added to the solvent. The effect of
crystal facet ({110} and {001}) in porous ZnO nanocatalyst towards
photoreduction of CO, was also studied (Li et al., 2020). The photo-
catalytic performance of the porous ZnO with the exposed {110} facet
was found to be higher than the one with exposed {001} facet. The
enhanced performance was assigned to good charge-separation efficacy,
high CO, sorption capability, and efficient activation of CO,. Although,
the sacrificial reagent Na;SO3 almost had no impact on the CHy yield, it
could improve the production yield of CO. Besides facets, the effect of
defects in porous zinc oxide nanoplates upon CO; photoreduction has
been studied (Li et al., 2019). Initially, the porous zinc oxide nanoplates
with Vg defects were prepared by ZnS(en)o 5 annealing for 2h in air, and
amount of vacancy defects could be tailored by ameliorating heating
temperature (600, 650 and 700 °C). The number of defects was found to
decline with augmentation in annealing temperature. Highest separa-
tion of charge carriers, CO, sorption capacity and CO, activation were
achieved using ZnO annealed at 600 °C. This was followed by ZnO
annealed at 650 °C and the least performance recorded using ZnO
annealed at 700 °C. The sequence of the activity has been confirmed by
the transient photocurrent response. Unfortunately, Zns(OH)e(CO3)2
was detected during CO; reduction, vouchsafing that the ZnO did not
have a high stability as a photocatalyst.

The effect of light source on CO; conversion using pristine ZnO and
ZnS/Zn0 nanocomposite has been studied (Akbari and Sharifnia, 2017).
The CO; conversion percentage in case of ZnO was 14% underneath UV
light and 3% underneath visible light. The CO, conversion percentage in
the case of ZnS/ZnO nanocomposite was enhanced to 45% underneath
UV light and 13% underneath visible light. The better visible light
performance by the ZnS/ZnO nanocomposite as compared to pristine
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ZnO is assigned to the augmented visible light absorption capability and
effective separation of charge carriers. There was a study by Lei et al.
(Lei et al.,, 2015) involving hydrogenation of CO, to CH3OH over
Cu/ZnO photocatalysts with ZnO having filament-like and rod-like
morphology. The Cu/ZnO catalysts with ZnO having filament-like
morphology (CZ-filament) exhibited 16.5% conversion of COy and
78.2% selectivity of methanol. The enhanced performance was attrib-
uted to more oxygen vacancies and stronger interaction betwixt ZnO and
Cu in CZ-filament. The role of copper structure (Cu(100) or Cu(111)) in
Zn0/Cu catalyst on the hydrogenation of CO3 in methanol synthesis was
examined (Palomino et al., 2018). The copper substrate structure was
found to have impact on the performance of the catalysts. The activity of
the catalysts was found to increase in the order Cu (111) < Cu (100) <
ZnO/Cu (111) < ZnO/Cu (100).

The impact of morphology on the performances of Pd/ZnO photo-
catalysts for CO, hydrogenation into formic acid was studied (Zhang
et al., 2020). During the formation of the catalysts, Pd was loaded upon
zinc oxide nanosized crystals with different morphologies, viz. ZnO
nanoplates (p-ZnO), ZnO nanorods (r-ZnO), and commercial ZnO
(c-Zn0O) (Zhang et al., 2020). A morphology-dependence of ZnO in the
Pd/ZnO photocatalysts was identified. The performance of different
Pd/ZnO nanocatalyst towards CO. hydrogenation into formic acid
obeyed the sequence of Pd/r-ZnO > Pd/p-ZnO > Pd/c-ZnO. There was
greater selectivity to CHsOH, reaching over 70% with lesser degree of
CO production, when Cu is in contact with ZnO plate. However, when
zinc oxide rods were exploited, there was a small positive change in CO5
conversion, whilst significantly low CH3OH selectivity was obtained. It
displayed the role of morphology-controlled strong metal-support
interaction, which had large impact on selectivity for the hydrogenation
of CO4 to CH30H (Zhang et al., 2020). However, Liu et al. employed the
use of zinc oxide micro/nanomaterials with various morphologies and
rations of {0001} facets for the photoreduction of CO; (Liu et al., 2016).
The ZnO microspheres, ZnO micro flowers and ZnO nanorods were
found to have different formation rates. Due to its largest surface area
and high ratio of {0001} facets, ZnO nanorods displayed greater CO
formation speed (3.814 pmol/g/h), compared to zinc oxide micro-
spheres and zinc oxide micro flowers (3.357 and 1.627 pmol/g/h) (Liu
et al., 2016). Due to the drawbacks possessed by ZnO such as rapid
electron-hole recombination and narrow light absorption range that
diminishes its photocatalytic efficiency. These issues could be resolved
by doping with metals through formation of Schottky junction which
slows down electron-hole recombination, improves crystalline trans-
formation, enhances absorption of visible light, and surface area to
volume ration of the material. Thus, doping enhances optical, electrical,
and magnetic properties of the material (Abebe and Murthy, 2022,
Keshta and Gemeay, 2022). Also, research findings have confirmed
doping ZnO with heteroatoms such as nitrogen, bismuth, sulfur, and
phosphorous enhances its photocatalytic activities (Swathi et al., 2021,
Matei et al., 2023). The incorporation of such dopants not only stimu-
lates a great change in the materials’ conductivity and structure but also
decreases the reaction activation energy barrier (Le Pivert et al., 2019,
Chakravorty and Roy, 2024).

AuyCu/ZnO bimetallic catalysts displayed wider Sggt, lower sizes of
metal particles, higher oxygen vacancies, more strenuous metal-support
interactions, and more copious medium basic locales than the Cu/ZnO
monometallic catalyst (Xie et al., 2023). Moreover, in comparison to
Cu/ZnO monometallic catalyst, the AuyCu/ZnO bimetallic catalysts
demonstrated comparable CO; conversion but augmented CH3OH
selectivity and STYmeon. They reported that addition of Au enriched
active sites modulated the sorption configuration of methoxy species
and promoted CO; activation (Xie et al., 2023). In a different study, the
effect of Au loading in Au/ZnO catalyst towards reduction of CO3 to
methanol was examined (Xie et al., 2023). Increase in Au loading
resulted in an increase in Au particles’ size in the Au/ZnO catalyst and
enhanced selectivity. CO2 conversion using pristine ZnO and Ag/ZnO
through photocatalysis and sonophotocatalysis was also reported. The
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performance of the catalysts was higher through sonophotocatalysis as
compared to photocatalysis; an effect attributed to the impact of ultra-
sonic waves in the case of pristine ZnO. The general enhanced perfor-
mance by the Ag/ZnO catalysts was due to rapid charge carriers’
separation and raised O5 activation by Ag. The main product of the CO4
conversion is CO and CHy4 (Khan et al., 2022). A study on the surface
plasmon resonance mediated CO, photoreduction was conducted using
(Ag, Au and Pd)/3D porous ZnO nanosheets. Over bare metal oxides,
CO4, is photocatalytically converted to CO with minor amounts of CHy.
Au or Pd loading was found to change product selectivity and augment
the hydrocarbon formation, whilst Ag enhanced the CO production
more. The selectivity of the principal product, CoHg, is parallel to the Au
loading. However, the CH, selectivity is declined reversely. This men-
tions that CHy is further converted into CoHg. Ag loading prompts the CO
selectivity and decreases CH4 selectivity. Pd loading escalates CHy4
evolution rate and decreases CO (Khan et al., 2022). Table 3 is a
compilation of various ZnO-based photocatalysts for CO, conversion.
Table one summarized findings reported on the applications of pristine
and modified ZnO for the CO, conversion.

The simultaneous conversion of CO5 can play a dual role in to
address environmental challenges not only mitigates the impact of CO4
on climate change but also is useful in simultaneously converting CO5
into useful chemicals products or fuels. He et al., developed and evalu-
ated a ZnO/g-C3N4 photocatalyst for the efficient conversion of CO; into
valuable products under visible light irradiation (He et al., 2015). The
research focuses on enhancing photocatalytic activity through the for-
mation of a hetero-junction structure that improves charge separation
and reduces electron-hole recombination. Ultimately, the study seeks to
contribute to sustainable energy solutions by addressing CO, utilization.
The ZnO/g-C3N4 photocatalyst facilitates simultaneous CO» conversion
by forming a hetero-junction structure that inhibits the recombination of
electron-hole pairs, enhancing photocatalytic performance. The loading
of ZnO on g-C3N4 increases its activity for CO4 reduction, achieving a
CO,, conversion rate of 45.6 umol h™! g&t, significantly higher than that
of g-C3N4 or P25 alone. This efficient charge separation and transfer
between the two components under visible light irradiation contribute
to the catalyst’s effectiveness in CO5 conversion. The TEM analysis re-
sults indicate that ZnO nanoparticles are closely coupled with g-C3N4 in
the composite. This close coupling suggests effective interaction be-
tween the two materials, which is beneficial for charge transfer and
enhances photocatalytic performance. Additionally, the analysis con-
firms the successful formation of the ZnO/g-C3N4 hetero-junction
structure. The photocatalytic COy reduction using the ZnO/g-CsN4
catalyst primarily produces CO, methanol, methane, and ethanol, with
CO being the dominant product (He et al., 2015). The study demon-
strates that the catalyst effectively converts CO, into useful fuels,
contributing to sustainable energy solutions. The production of these
fuels indicates the potential for utilizing CO as a resource rather than a
waste product.

3.2. Adsorption kinetics of CO2 on ZnO nanoparticles

Adsorption kinetics is a crucial process in various applications,
including carbon capture and conversion, as well as catalysis. Under-
standing the kinetics of COy adsorption on ZnO is essential for opti-
mizing these technologies and designing more efficient materials
(Gordijo et al., 2023). ZnO, a versatile semiconductor material with a
surface characterized by a number of key features that significantly in-
fluence their properties and applications and thus, makes it an attractive
adsorbent for CO, (Raha and Ahmaruzzaman, 2022). Surface area and
morphology significantly influence the CO, adsorption kinetics of ZnO
nanoparticles. Due to their small size, ZnO nanoparticles exhibit a
significantly larger surface area compared to bulk ZnO (Raha and
Ahmaruzzaman, 2022). This high surface area provides numerous po-
tential adsorption sites for CO, molecules, increasing the overall
adsorption capacity. Furthermore, the shape and texture of the ZnO
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Table 3
Summary of applications of ZnO-based materials for CO, conversion.
Catalyst Experimental condition Product(s) Yield Reusability =~ Remarks Ref
(umol/g)

ZnO NPs 125 mg/L of Nap,CO3; 30 mg/L catalyst; CH30H 18 5 The Pt NPs incorporation onto the ZnS-ZnO formed  (Mohamed
ZnS-ZnO 300 W Xe lamp and 9 hours of irradiation 36 heterojunction with extended lifetime and improve et al., 2021)
Pt/ZnO 667.5 the catalytic efficiency.

Pt/ ZnS-ZnO 700
C-ZnO CTSHS 80 kPa of CO,; 50 mg/L of photocatalyst; CO 0.83 4 The stability and efficiency of the ZnO was (Sayed et al.,
300 W Xe lamp; and 4 hours of irradiation improved by the presence of C and Mn co-dopants.  2021)
Cu/ZnO 25 bars; 270 °C; Hy/CO,/N4 molar ration CH30H 5.27 - The photocatalytic efficacy was improved by the Cu ~ (Guzman
commensurate to 3/1/ 1 [¢0) 1.75 incorporation. et al., 2022)
Ag/Zn0O CO2/H,0; dose = 0.1 g/L, 250 W Xe lamp; Cco 23.0 5 The ZnO combination with Ag improved the (Khan et al.,
time = 4 hours material stability and catalytic efficiency. 2022)

Cu/ZnO rod 3 COy/Ha; 0.3 g/L of catalyst; 3.0Mpa CH3;0H 0.21 - The Cu/ZnO filament has exhibited higher (Lei et al.,
Cu/ZnO pressure; 300 W Xe lamp; and 4 hours of 0.55 efficiency due to better interaction betwixt the ZnO 2015)
filament irradiation. 0.24 and Cu.

Cu/Zn0O
catalyst
Zn0O/g-C3N4 0.4 MPa; 10 mg/L of catalyst; 500 WHgXe  CO 45.6 6 The ZnO/g-C3N, exhibited synergistic effects for the ~ (He et al.,
lamp and 4 hours of irradiation photoreduction of the CO, to fuels. 2015)

Zn0O/MoS; in 0.5 M of NaHCOg3; 0.5 g/L of catalyst; 150 ~ CH30H 170.5 - The NaHCOj has the highest yield of methanol (Geioushy
NaHCO3 W Hg Xe lamp and 4 hours of irradiation CH3CHO 4.21 production upon irradiation for 4 hours. et al., 2022)

Zn0O/MoS; in 0.5 M of NaOH; 0.5 g/L of catalyst; 150 W~ CH30H 30.97 - The greater photocatalytic activity in the NaOH was ~ (Geioushy
NaOH Hg Xe lamp and 4 hours of irradiation CH3CHO 2.26 attributed to the OH™ formation by the et al., 2022)

CH3CH,OH 6.79 photocatalyst.

Zn0O/MoS; in 0.5 M of NaCl; 0.5 g/L of catalyst; 150 W CH30H 17.79 - The CI” from the NaCl promotes charge separation  (Geioushy
NaCl Hg Xe lamp and 4 hours of irradiation CH3CHO 5.07 for the photoreduction process. et al., 2022)

Zn0-300 in 0.5 M NaHCOs; 0.1 g/L of catalyst; 150 W~ CH30H 52.0 - The ZnO-300 has the highest conversion efficiency (.M. Hegazy
NaHCO3 Hg lamp; 1 hour of irradiation. CH3CHO 12.2 because it has the highest excessive oxygen et al., 2020)
Zn0-350 in CH30H 113 vacancies which prevent the charge recombination.

NaHCO3 CH5CHO 11.0

Zn0-300 in 0.5 M NaOH; 0.1 g/L of catalyst; 150 WHg ~ CH3;0H 63.7 - Similarly, the ZnO-300 has the highest conversion (I.M. Hegazy
NaOH lamp; 1 hour of irradiation CH3CHO 10.7 efficiency because of its excessive oxygen vacancies. et al., 2020)
Zn0-350 in CH3sOH 22.0
NaOH CH;CHO 11.7
Zn0-400 in CH3;0H 50.9
NaOH CH3CHO 11.6

Zn0-300 in 0.5 M NaCl; 0.1 g/L of catalyst; 150 WHg  CH30H 94.5 - The ZnO possessed the lowest activity for the CO, (I.M. Hegazy
NaCl lamp; 2 hours of irradiation CH3CHO 19.5 conversion. et al., 2020)
Zn0-350 in CH30H 10.9
NaCl CH5;CHO 16.0

Zn0-600 0.25 M N»SO3; 30 mg/L ZnO; 300 W Xe CO 3.8 - The Zn0O-600 has the greatest photoreduction (C. Lietal.,
Zn0-650 lamp; time and 4 hours of irradiation. 3.1 Efficiency for the CO, conversion. 2019)
Zn0-700 2.5

Au/ZnO 3 MPa CO,; WHSV of 24,000 mL/h/g; 0.1 CH30H 32.8 2 The Auy.gosCu/ZnO has exhibited higher stability (Xie et al.,
Cu/ZnO g/L of catalyst; temperature of 200 - 275 179.7 and excellent photoreduction efficiency for the CO;  2023)
Aug.gosCu/ °C for 1 hour. 314.4 conversion to methanol.

ZnO

Au/m-ZnO 0.1 bar of COg; 0.1 g/L of catalyst; 300 W CHy4 21.0 4 The metal nanoparticles particularly the Au have (J. Zhao et al.,
Ag/m-ZnO Xe lamp; 6 hours of irradiation. CyHg 27.0 significantly improved the light absorption 2019)
Pd/m-ZnO [¢0) 25.0 efficiency of the ZnO for the CO, photoreduction.

CHy4 18.0

Pd/r-ZnO 1 MPa CO, and 1 MPa Hy; 10 mg/L of Pd- HCOOH 10.1 4 The Pd incorporation improved the photoreduction  (J. Zhang
Pd/p-ZnO ZnO; temperature of 100 °C, 1 hour and 8.8 efficiency of the ZnO for the CO, conversion. et al., 2020)
Pd/c-ZnO stirring rate of under 800 r/min 5.2

Cu—ZnOcel.-T 0.1 bar of CO5; 50 mg/L of catalyst; 300 W  CO 184.56 6 The CuO—ZnOce.T demonstrated enhanced (Shi et al.,

Xe lamp; irradiation for 6 hours. CHy4 0.52 UV-visible light absorption the CO, reduction. 2022)

CuO—ZnOceT 0.1 bar of CO4; 50 mg/L of catalyst; 300 W  CO 51.63 6 The CuO—ZnOc .7 has also demonstrated good (Shi et al.,
CuO—ZnOc¢.1 Xe lamp; and 6 hours of irradiation. 24.60 stability for effective photoreduction of the CO, 2022)
CuO—-ZnO 5.08
powder

Zn0 0.05 g/L of catalyst; solar light; and 6 (€] 3.2 10 The presence of Ag in the composite has improved (Hoai et al.,
Ag/Zn0O hours of irradiation. CH,4 0.56 the light absorption and stability of the ZnO for 2022)

CO 9.8 effective photoreduction of the CO»
CH, 2.4

ZnO 0.1 M NaOH; 60 mL of CO,; 100 mg/L of CH3;0H 263.17 3 The incorporation of rGO improved the light (Zhang et al.,
ZnO-rGO catalyst; 300 W Xe lamp; and 180 min of 52.36 harnessing efficiency of ZnO for the adsorption and ~ 2015)

irradiation. photoreduction of the CO,.

nanoparticles, such as porous structures with high surface roughness,
can also influence CO, adsorption (Petrovic et al., 2021). These struc-
tures can provide additional adsorption sites within the pores, further
enhancing CO; uptake. Due to their small size, ZnO nanoparticles
exhibit a very high surface area-to-volume ratio (S. Raha and Ahmar-
uzzaman, 2022). This large surface area provides numerous active sites
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for chemical reactions, making them highly effective catalysts and ad-
sorbents (Nalwa et al., 2017). The surface chemistry of ZnO nano-
particles significantly influences their CO2 adsorption kinetics. Surface
charge plays a crucial role in their interactions with other molecules and
materials. Electrostatic interactions between the charged surface and
CO2 molecules can significantly impact the adsorption process (Petrovic
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et al., 2021).

Furthermore, the presence of surface functional groups, such as hy-
droxyl groups (-OH), can also influence CO, adsorption. These groups
can interact with CO2 molecules through hydrogen bonding or other
weak interactions, enhancing the adsorption process (Petrovic et al.,
2022). The surface of ZnO nanoparticles often contains various defects,
such as oxygen vacancies, zinc interstitials, and surface hydroxyl groups
(Nagpal et al., 2022). These defects can act as active sites for chemical
reactions (Wawrzynczyk et al., 2018) and can significantly influence the
adsorption of CO5 over the nanoparticles. In fact, surface defects, such as
oxygen vacancies and zinc interstitials, significantly influence COy
adsorption kinetics on ZnO nanoparticles (Mahmud et al., 2023). Oxy-
gen vacancies on the ZnO surface act as active sites for CO, adsorption,
significantly enhancing the adsorption capacity and kinetics. In this
study, among the synthesized ZnO materials, the 1:4 ZnO formulation
demonstrated superior photocatalytic CH4 production, yielding
1.3x107! pmol, a remarkable three-fold enhancement compared to
commercial ZnO (4.8x 1072 umol). The robustness of this 1:4 ZnO
photocatalyst was further validated through a four-cycle stability test,
exhibiting a modest 7.7% performance reduction after the fourth cycle
(Keshta et al., 2024). This study presents a novel mechanistic framework
for CO, photoreduction to valuable fuels utilizing defective ZnO nano-
particles. These findings are expected to contribute significantly to
advancing sustainable industrial practices. In a different study, the
engineered oxygen vacancies within the ZnO structure exhibited a
pivotal role in facilitating efficient charge transfer, minimizing recom-
bination, and consequently enhancing catalytic activity. The ZnO sam-
ple synthesized at 350 °C utilizing HCO3 anions in an aqueous solution
demonstrated the highest catalytic efficiency, achieving a maximum
methanol yield of approximately 113 pmol/g (Hegazy et al., 2020).
Accordingly, the study explored various scenarios, highlighting the
synergistic interplay between anion type and the presence of oxygen
vacancies. Furthermore, the investigation encompassed a proposed hy-
pothesis for the reaction mechanism governing CO5 photoreduction over
the ZnO catalyst. Similarly, Zn interstitials can also act as adsorption
sites for CO,, further influencing the adsorption process (Huang and
Huang, 2023).

The surface of ZnO nanoparticles can be modified through various
techniques, such as coating with polymers or inorganic materials, or
functionalization with organic molecules. This surface modification can
alter the properties of the nanoparticles and expand their range of ap-
plications. Doping ZnO with other elements can alter its electronic
properties and create additional adsorption sites for COs. In this context,
density functional theory calculations revealed that doping ZnO (0001)
monolayers with transition metals significantly enhances CO2 reduction
reaction (CRR) activity by lowering the overpotential compared to
pristine ZnO. The oxidation state of the transition metals, determined by
their d-orbital occupancy, governs the catalytic behavior. Early transi-
tion metals (Sc-Cr) with +3 oxidation states favored CH4 production,
while late transition metals (Mn-Cu) with +2 oxidation states prefer-
entially produce HCOOH. Notably, Co-ZnO demonstrated exceptional
performance, producing HCOOH at an ultra-low overpotential of 0.02 V
and exhibiting promising potential for CH3OH production with an
overpotential of only 0.45 V (Sikam et al., 2021). Coating ZnO nano-
particles with other materials, such as polymers or metal oxides, can
further enhance their CO, adsorption properties. Certain metal oxides or
polymers function as co-catalysts, accelerating the kinetics of CO2
adsorption. This catalytic activity is achieved through the facilitation of
chemical reactions between the CO, molecules and the coated ZnO
nanoparticles material, consequently enhancing the overall efficiency of
CO» capture and conversion processes. Furthermore, the incorporation
of metal oxides or polymer contributes significantly to the stability and
durability of the ZnO nanoparticles material. By mitigating the risk of
the material degradation, metal oxides or polymers effectively prolong
the lifespan of the ZnO nanoparticles material, thus ensuring the
long-term sustainability and operational efficiency of CO. capture
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systems (Khdary et al., 2022, Fathalian et al., 2024).

The adsorption process, involving the interaction between CO,
molecules and the ZnO surface, leads to the formation of a physical or
chemical bond. The rate of this adsorption is influenced by various
factors, including temperature, where higher temperatures generally
accelerate the process due to increased molecular kinetic energy.
Thermal desorption spectroscopy (TDS) experiments revealed a strong
correlation between the presence of surface defects and COy adsorption
behaviour (Wang et al., 2005, Wang and Burghaus, 2005). Two distinct
TDS peaks were observed. Hydrogen pre-exposure eliminated the
high-temperature peak, while sputtering enhances its intensity. These
findings suggested that the high-temperature peak originates from CO,
adsorption on specific defect sites, such as oxygen vacancies, while the
low-temperature peak corresponds to CO5 adsorption on pristine ZnO(0
0 0 1) surface sites. The observation of two distinct TDS peaks in the
study strongly suggests the presence of at least two different adsorption
mechanisms. The low-temperature peak likely corresponds to weaker,
physisorption-like interactions of CO» with pristine ZnO surface sites.
These interactions are generally characterized by weaker and less spe-
cific forces. In contrast, the high-temperature peak, associated with
defect sites, suggests stronger chemisorption interactions. These in-
teractions are likely stronger due to the localized electronic perturba-
tions and charge imbalances introduced by the defects (Tang and Luo,
2013).

Regarding kinetics implications, defect sites, due to their stronger
interactions with CO5 molecules, are likely to exhibit faster adsorption
rates compared to pristine sites. This implies that the presence of defects
can significantly enhance the overall rate of CO, adsorption on ZnO.
Furthermore, the stronger binding of CO, molecules to these defect sites
may also influence the desorption kinetics, potentially leading to slower
desorption rates and consequently higher CO, retention capacities.
Pressure also plays a role, with increased pressure enhancing the
adsorption rate by increasing the concentration of COy molecules
available for adsorption (Soo et al., 2024). As pressure increases, so does
the van der Waals energy, which can make adsorption rate faster (Hong
et al., 2024). This implies that as the pressure of the CO; gas increases,
the concentration of CO, molecules in the vicinity of the ZnO surface
also increases. This increased molecular density leads to stronger van
der Waals forces between the CO, molecules and the ZnO surface.
Stronger van der Waals forces, in turn, translate to a stronger attractive
force between the CO5 molecules and the ZnO surface (Gordijo et al.,
2023). This increased attractive force facilitates faster adsorption, as the
CO2 molecules are more readily drawn towards and captured by the
available adsorption sites on the ZnO surface (Gordijo et al., 2023).

By studying the adsorption kinetics of CO3 on ZnO, researchers can
gain valuable insights into the mechanisms of this process and develop
strategies to improve the performance of ZnO-based materials in various
applications. This implies that with methodical studies of the kinetics of
CO4 adsorption on ZnO, researchers can gain invaluable insights into the
intricate mechanisms governing this process. This includes identifying
the rate-limiting steps, such as determining which step in the adsorption
process (e.g., diffusion of CO, to the surface, adsorption onto specific
sites, surface diffusion), which is the slowest and thus controls the
overall adsorption rate. Furthermore, characterizing the adsorption
isotherms, which involves understanding how the amount of COj
adsorbed varies with pressure and temperature, provides crucial infor-
mation about the strength and nature of the adsorbent-adsorbate in-
teractions. Additionally, investigating the influence of surface
properties, such as surface area, morphology, and the presence of de-
fects, on the adsorption kinetics is crucial for a comprehensive under-
standing of the adsorption process.

3.3. Mechanisms for CO conversion

The mechanism for conversion of CO, using ZnO nanomaterials
varies depending on the nature of the ZnO material in the study. The
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usual mechanism could be explained using the study involving the ZnO
photocatalyst use for reduction of CO; to CO (Fig. 5) (Liu et al., 2016).
As shown in eqns. (1- 3), upon visible light illumination, electrons from
the valence band (VB) are excited to conduction band (CB), holes at the
VB then oxidize HO to O, while the photogenerated electrons reduces
CO4 to CO. However, in the study by Hegazy et al. (Hegazy et al., 2020)
involving the use of ZnO with optimized (Zn300 and Zn350) and excess
(Zn400) oxygen vacancies, the performance of the ZnO was oxygen
vacancy dependent. Although both catalysts resulted in the conversion
of CO4 to CH3OH via reduction at the CB, however, the excess vacancies
in Zn400 resulted in the formation of recombination centers, which
resulted in a decrease of photocatalytic activity.

ZnO + hv - ZnO(e + h*) (€))
H,O + 2h" — %02 + 2H" + 2e” (2)
CO, + 2H" 4 2 - CO + H,0 3

Doping is another enhancement approach which has resulted in
promising results. The modification not only impact on the photo-
catalytic performance but sometimes on the product selectivity. Usually,
CO, is converted to CO with minor amount of CH4 on bare metal oxide
photocatalysts (Woolerton et al., 2010). However, in the study by Zhao
et al.,, the loading of Au NPs on m-ZnO NSs array resulted in the for-
mation of CyHg besides CH4. Notwithstanding, Au/ZnO-NRs and
Au/ZnO-NPs did not produced CzHg, but only CO and CHy4 (Zhao et al.,
2019). The main point was the product selectivity during the applica-
tions of the NPs for CO5 conversion. Usually, CO, is converted to CO on
bare metal oxides, together with some amounts of CHy4 (Tseng et al.,
2002, Sun et al., 2022). Interestingly, loading of plasmonic metals such
as Au, Ag or Pd changed the product selectivity as well as increased the
CH4 and CyHg production. Loading Au promoted CyHg yield, Ag yielded
mainly CO with small amounts of CH,4, while Pd mainly promoted CH4
conversion. Similarly, they also found that Ag/m-ZnO-x predominantly
generates CO, while Pd/m-ZnO-x predominantly generates CH4, Thus,
Ag is more positive for production of CO, while Au or Pd loading alters
the product selectivity and remarkably raise the production of hydro-
carbon. The study suggested that, the change in the product selectivity
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could be attributed to a strong metal-semiconductor interaction that
alters COy conversion pathways. In a different study, Sayed et al.,
introduced Mn ions having switchable valence states to form Mn,
C-co-doped ZnO. The presence of Mn ions in C-doped ZnO could form
impurity levels/defect states, reduce the band gap, improve light har-
vesting, act as distinctive active sites/enrich existing active sites, COy
adsorption, and enhance overall catalytic conversion due to its ability to
share electrons with reactants/intermediates. As shown in Fig. 6, the
process commenced via the activation CO; to highly active radical anion
at confined Mn active centers. The intermediate anion undergoes an
electron-coupled proton transfer process resulting in the formation of
CO (Sayed et al., 2021).

Besides photocatalytic applications, there was a study on electro-
catalytic reduction of carbon dioxide to carbon monoxide (Geng et al.,
2018). The electrochemical reduction of CO5 to CO usually involves

Mn, C-codoped ZnO CTSHSs

Fig. 6. Schematic illustration of CO; activation and reduction over Mn, and C-
co-doped ZnO. Adapted from ref. (Sayed et al., 2021).
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Fig. 5. Schematic diagram of CO, photoreduction mechanism involving ZnO.
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three processes of activation, surface reaction and desorption as shown
in eqns. (4 — 6). Also, there was another study on the effect of oxygen
vacancy in ZnO (101) during the electroreduction of CO3 to CO (Zong
et al., 2022). The *COOH formation on ZnO (101) without oxygen va-
cancies had the largest energy barrier, while there was a low AG value of
3.53 eV for *COOH in the case of ZnO (101) with oxygen vacancy. Such
evidence reveals that oxygen vacancy enhanced the performance of ZnO
(101) towards CO; reduction (Zong et al., 2022).

CO, + H" + e — *COOH (Activation process) (€]
*COOH + H* + e  — *CO + H,O (Surface reaction) 5)
*CO -»CO + * (Desorption process) 6)

However, Xue et al also appraised the mechanism of CO2 hydroge-
nation to CH30H by catalytic conversion using Cu/ZnO and Au,Cu/ZnO
(Xie et al., 2023). The process follows formate pathway, as previously
reported (jun Wang et al., 2019). The formation of metal oxide interfaces
with abundance of oxygen vacancies have been recognized as active
locales for the process. Au incorporation into the Cu/ZnO catalysts
formed homogeneous bimetallic alloy of Au-Cu composition which
generates more metal interfaces by declining the size of the metal par-
ticles. Also, incorporation of Au increased the number of oxygen va-
cancies in the composite, which enhanced the number of active sites for
CO4 adsorption. Additionally, presence of Au enriched the basic medium
sites of the catalyst which promotes the CO, activation. Thus, the Au-Cu
alloy cause the configuration of methoxy intermediate products to be
adsorbed, resulting in more effective catalytic conversion route. As such,
the bimetallic AuxCu/ZnO catalysts work synergistically in boosting the
methanol synthesis. Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS) has also suggested the formate pathway. Upon
addition of the Au, the sorption configuration of methoxy species was
changed. Notably, Only *bOCHj3- species was the species detected when
Aug.0p5Cu/ZnO catalyst was used. However, in the presence of Cu/ZnO
catalyst, two species (*bOCH3- and *tOCHs-) were identified. An in-
termediate of *HCOO was formed when the *CO, with the dissociated
*H atoms is attacked by the catalysts (Liu et al., 2022). The hydroge-
nation of the *HCOO intermediate was formed *H,COO, *H,COOH,
*H,CO and *CH30O as the successive intermediates before the final for-
mation of the CH30H (Fig. 7) (Xie et al., 2023).

The mechanisms for CO5 conversion over ZnO materials involve

Cu/ZnO

H C O 0y Cu
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photocatalytic activation, where visible light excites electrons from the
valence band to the conduction band, generating electron-hole pairs.
The photogenerated electrons reduce CO; to products like carbon
monoxide and methanol, with efficiency enhanced by oxygen vacancies
that serve as active sites. ZnO’s high surface area and effective charge
separation minimize electron-hole recombination, increasing available
electrons for reduction. Additionally, defects such as oxygen vacancies
facilitate CO2 adsorption and conversion. Overall, these characteristics
position ZnO as a promising material for efficient CO4 conversion.

The scalability of CO5 conversion processes using ZnO materials is
supported by several studies, indicating that these processes can be
effectively scaled up for practical applications. Further research and
development would be necessary to evaluate the practical scalability of
these methods in real-world applications. ZnO-based catalysts can be
synthesized using scalable methods. For instance, the AuAg/ZnO cata-
lyst for electrocatalytic COy reduction was prepared using an easily
scalable method, demonstrating high Faradic efficiency and controllable
composition and morphology (Sarno et al, 2020). Similarly,
ZnO/h-BNC hybrids were prepared using a scalable one-step thermal
treatment (Yamuna et al., 2015). A low-carbon, scalable mechano-
chemical strategy has been developed to convert spent ZnO from alka-
line batteries into Zn-MOF-74, which is effective for CO, capture (Ma
et al., 2024). This method reduces energy consumption by around 50%
compared to traditional methods, highlighting its scalability and effi-
ciency. The aerosol-assisted method for synthesizing mesoporous
Cu/ZnO-ZrO; catalysts is another scalable process (Wang et al., 2023).
This method produces catalysts with high thermal and photothermal
performance for CO; reduction to methanol, demonstrating the poten-
tial for large-scale production. ZnO-based materials have been shown to
be effective in both electrocatalytic and photocatalytic CO, reduction
processes. For example, ZnO nanosheets prepared by a solvothermal
method exhibited high CO faradic efficiency and stability, making them
suitable for scalable applications (Wang et al., 2023). Additionally,
ZnO’s properties make it an ideal candidate for photocatalytic CO4
reduction, with various modification techniques enhancing its perfor-
mance (Kshirsagar et al., 2024). The Zn/ZnO thermochemical cycle for
CO4, splitting is another scalable approach. This method promises rapid
hydrogen and carbon monoxide production rates with complete con-
version of zinc-to-zinc oxide, significantly improving cycle efficiency
(Abanades, 2022).

The conversion of CO2 into valuable products is a critical area of

Zn Au

Fig. 7. Proposed mechanism for the application of Cu/ZnO (left) and Au,Cu/ZnO (right) catalysts for CO, hydrogenation to methanol. Reproduced from ref (Xie

et al., 2023).

16



Z.U. Zango et al.

research aimed at reducing atmospheric COy levels and mitigating
climate change. Various methods have been developed for CO; con-
version, each with its own advantages and challenges. Below is a com-
parison of different COy conversion methods and their effectiveness
compared to other compounds (Table 4).

In summary, while both photocatalysis and electrocatalysis using
ZnO materials aim to convert CO; into valuable chemicals, they operate
under different mechanisms and conditions. Photocatalysis relies on
light to generate reactive species, whereas electrocatalysis uses an
external voltage to drive the reaction. Each method has its own set of
challenges and requires specific modifications to optimize performance.
Table 5, highlighted the main comparison between them. Both photo-
catalysis and electrocatalysis using ZnO materials have their unique
advantages and challenges in CO: conversion. However, combining
these processes into a photoelectrocatalytic system can leverage the
strengths of both methods, leading to enhanced efficiency and selec-
tivity for CO2 reduction. This combined approach holds promise for
developing more effective and sustainable catalytic systems for CO:
conversion.

4. Photocatalytic degradation of organic pollutants

Water pollution due to organic contaminants such as personal care
products, drugs, pesticides, industrial chemicals, heavy metals, and their
metabolites has caused serious environmental issues. The organic pol-
lutants are synthetically produced for domestic and industrial use. These
pollutants can contaminate the environment as they are found in soils,
and water bodies which disturb the environment and the ecosystem
(Adamu et al., 2024). Primarily, the pollutants are discharged as efflu-
ents from petroleum exploration, chemical processing industries, and
mining activities. The major concern with these pollutants is their long
range of transportation, persistency, and bioaccumulation (Hamidon
et al., 2024). Hence, public concern has been raised about their effects
and toxicities to both human and the ecosystem. They are highly toxic to
human, plants, and the aquatic organisms. The existence of teratogenic,
carcinogenic, and mutagenic properties in these compounds might pose
significant dangers for both aquatic animals and human health (Liu
et al., 2023). They have been reportedly detected in different water
bodies including fresh waters, sea, and ocean. Many hazardous

Table 5
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A brief comparison between photocatalysis and electrocatalysis using ZnO ma-
terials aim to convert CO».

Aspect Photocatalysis Electrocatalysis
Mechanism Light-induced electron-hole pair ~ Electron transfer from
generation and redox reactions ( electrode to CO, under applied
Cappelletti et al., 2015, Chopra,  voltage (Wang et al., 2023,
2022, Bae et al., 2017). Yadav and Purkait, 2016).
Catalyst ZnO with modifications like ZnO nanosheets with rough
Structure doping or hybrid structures to surfaces and mesoporous
enhance performance (Bae structures for more active sites (
et al., 2017). Wang et al., 2023).
Reaction Ambient pressure and Specific electrolytes and
Conditions temperature, UV or visible light  applied potentials
(Cappelletti et al., 2015,
Chopra, 2022, Bae et al., 2017).
Challenges Limited to UV light, prone to Dependent on electrolyte and

photocorrosion, requires
modifications (Cappelletti et al.,
2015, Qi and Yu, 2020).

potential, maintaining
selectivity and stability (Yadav
and Purkait, 2016).

chemicals and their products have been found in domestic and industrial
effluent samples, surface, and marine waters. These harmful chemicals
are only partially removed and even in some instances not entirely
treated before discharge into the water bodies by the industries
(Ramasubbu et al., 2019, da Trindade et al., 2021).

Due to the rising concern about the consequences of hazardous
organic compound pollution of water bodies, environmental agencies
recommended rules to prevent the indiscriminate discharge of organic
pollutants into freshwater sources. Environmental scientists and regu-
latory bodies are fascinated by the search for effective and novel tech-
niques to cleaning up contaminated water bodies (Bhatt et al., 2023).
For instance, the Stockholm Convention was aimed to investigate ways
to perhaps eradicate the pollutants in the environment. Their main focus
has been on implementing low-cost approaches for pollutant detection,
control, and treatment (Sousa et al., 2018).

Various wastewater treatment methods such as coagulation (Jabbar
et al., 2022), Fenton degradation (Ahmad et al., 2023), chemical pre-
cipitation (Minas et al., 2017), photocatalytic degradation (Haruna
et al., 2022, Haruna et al., 2020) etc. have been developed for waste-
water remediation. Among the treatment methods, photocatalytic

Table 4
A comparison of different CO, conversion methods.
Method Description Products Advantages Challenges Ref
Thermal Catalysis High-temperature conversion Methanol, methane, High conversion rates High energy input (Sabri et al.,
hydrocarbons 2021)
Photocatalysis Light-driven conversion Formic acid, Utilizes solar energy Limited by light (Sabri et al.,
formaldehyde, methanol availability 2021)
Electrocatalysis Electrical energy-driven CO, formic acid, ethylene  High reaction rates Limited to C1 and (Okonkwo and

Photothermal Catalysis
Microbial Fixation
Enzymatic Conversion
Non-Thermal Plasma
Chemical Absorption

MgO and TiO, Surfaces

Ionic Liquids

ICCC Integrated Carbon
Capture and Conversion
ZnO based method

conversion

Combines light and heat for
enhanced efficiency
Microorganisms convert CO5
into organic compounds
Enzymes convert CO, under mild
conditions

Room temperature dissociation
of CO,

Amino-containing absorbents
capture and convert CO,
Adsorption and thermal
reduction of CO, on metal oxide
surfaces

Molecularly tailored for CO,
separation

Integrated capture and
conversion in a single unit
Including photocatalysis,
electrocatalysis, and
thermocatalysis

Various hydrocarbons

Organic acids,
hydrocarbons, bioplastics
Fuels, chemicals

Methanol, syngas

Oxazolidinones,
carbamates
Various hydrocarbons

Purer gases, higher
combustion efficiencies
Various chemicals and
fuels

Various chemicals and
fuels

Efficient energy utilization

C2 products
Complex setup

Biswas, 2021)
(Shah et al.,

2023)
High selectivity and variety of products ~ Slow reaction rates (Shah et al.,
2023)
High selectivity and yields Scalability issues (N.V.D. Long
et al., 2017)
High energy efficiency, near-zero Technology still in (Ashford and
emissions development Tu, 2017)
Effective at low pressures High energy input (Ashford and
for desorption Tu, 2017)
Insights into surface reaction Limited scalability (Ashford and
mechanisms Tu, 2017)

High efficiency

High cost of ionic

(Zhang et al.,

liquids 2011)
Cost-effective, efficient Technology still in (Sabri et al.,

development 2021)
Cost-effective, non-toxicity, high limited reusability This review

surface area, and strong photocatalytic
activity efficient

and stability
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degradation stands out due to its simplicity, efficiency, environmentally
friendly, and contemporary approach (Haruna et al., 2018). The method
is effective in converting pollutants into less harmful material like car-
bon dioxide and water, at the same time maintaining low operational
cost (Nyamutswa et al., 2018). In photocatalysis, excitation of band gap
photons, generates electron-hole pairs which in-turn causes transferring
of electrons from VB to CB. The electronic excitation as well as the holes
generation in photocatalytic degradation process depends of incident
photons energy that should have energy that is equal or greater than that
of semiconductor’s band gap (Zango et al., 2023). Thus, the energy band
gap corresponds to the distance between VB and CB. Hence, the band
gap should be of appropriate size so as to minimize the energy necessary
for transferring electrons from VB to CB (Abdulhusain et al., 2021). The
photogenerated electrons and holes have a lifetime of few nanoseconds
which is enough to initiate chain reaction on the photocatalyst surface
that react with the pollutant molecules, thereby converting them to
harmless substances (Fauzi et al., 2022). Among the most used metal
oxides for photocatalytic degradation of pollutants include MoSs, WO3,
CdS, TiO3, SnOy, and ZnO. Their usage in this area is attributed to their
suitable band gaps, high stability, and high photocatalytic activity that
effective for pollutants degradation. Additionally, carbon-based sub-
stances such as graphitic carbon nitrides, graphene, and its oxide have
appeared to be a promising photocatalyst. These materials absorb visible
light, have large surface areas, and may be incorporated into the other
semiconductors (to form composites) to improve charge separation and
visible light absorption. Interestingly, TiO2 and ZnO are the most pop-
ular photocatalysts because to their high efficiency, low cost, and
environmental friendliness. Despite the photocatalysts desirable ad-
vantages, they have certain defects such as large energy bandgap, op-
tical corrosion, and electron-hole recombination.

4.1. Pristine and modified ZnO nanoparticles for organic pollutants
degradation

Recently, ZnO as a semiconducting photocatalyst is gaining more
attention from researchers which could be because of its excellent
properties and wide applications in many fields. The nanoparticle is
outstanding in its optical and electrical properties as well as superior
chemical and heat stability (Ong et al., 2018). It is widely applied in
photodetectors (Huynh et al., 2024), gas sensors (Gui et al., 2024), solar
cells (Sekar et al., 2024), and also in photocatalysis (Ranjbari et al.,
2024). The pristine ZnO exhibits splendid photocatalytic activities for
degradation of organic dyes (Kumar et al., 2024), pharmaceuticals
(Omar et al., 2024), phenols (Hanafi and Sapawe, 2024), bacterial
inactivation (Kumar et al., 2024), and many more due to its good redox
capability. Despite such advantages, zinc oxide intrinsically suffers from
disadvantages such as large band gap that made it to have low efficiency
for sunlight absorption, and easy recombination of photogenerated
charges that hinders its photocatalytic abilities. The disadvantages
encountered in pristine ZnO could be solve through certain ways that
will enhance the catalytic abilities of the nanoparticles such as facet
engineering, addition of oxidants, doping, morphology control, and
surface modification (Porcu et al., 2022). Of all the strategies employed
to improve photocatalytic activity of ZnO, incorporation of different
types of dopants using different metals, formation of heterostructures
with other materials, and employment of support materials as adsor-
bents enjoyed popularity among researchers. Thus, such modifications
help in obtaining a ZnO nanocomposites with smaller band gap, high
charge carriers’ separation, and more surface-active sites. These attri-
butes help in obtaining a nanocomposite with enhanced photocatalytic
abilities when compared with the pristine ZnO.

4.2. Dyes photocatalytic degradation

Dyes of the most widely utilized organic compounds that contami-
nates water. They are widely used in textile industries to impart colour
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to fabrics and many other materials. Their release into the environment
without proper treatment, contributes to aquatic ecosystem degradation
that cause harm to the organisms a well as leads to water bodies
eutrophication when accumulated (Nagpal et al., 2022, Wawrzynczyk
et al., 2018). However, dyes are used widely for various industrial ap-
plications in textile, pharmaceutical, cosmetic, food, paint, plastic, ink,
paper, and photographic industries (Mahmud et al., 2023, Hegazy et al.,
2020). When dumped in lakes, rivers, streams, and other water bodies,
the dyes mix with waters and contaminate them, causing them to get
harmful for humans as well as for every sort of aquatic lives (Huang and
Huang, 2023, Sikam et al., 2021). Therefore, their utilization requires
attentive handling and suitable disposal in order to abate health prob-
lems and environmental hazards (Karthik et al., 2022, Haladu et al.,
2025). These dyes when released into the environment without proper
treatment, are carcinogenic and toxic to both aquatic life and humans.
The colours imparted by these dyes into the water bodies, restricts its
fundamental usage including reduction in photosynthesis that caused
reduction in growth of important plants and algae that plays an essential
part of the food chain. Hence, their treatment before disposal into the
environment is very vital (Eleryan et al., 2024). Also, many effects
caused by these pollutants to humans include eye irritation, skin dis-
eases, respiratory tract infections and gastrointestinal issues (Bhapkar
and Bhame, 2024). As a result, laws governing the handling of hazard-
ous chemicals and investigative techniques are devised to determine the
chemicals’ existence in environmental waterways. Consequently, ini-
tiatives are being made to improve the quality of the water by reducing,
managing, and addressing the effects of harmful chemicals using
wastewater remediation techniques.

The impact of advanced oxidation processes (AOP) for dyes degra-
dation has been well documented (Dharmana et al., 2024, Fadhila et al.,
2024). Currently, getting rid of dyes from polluted water is a challenging
but important undertaking. Even if their treatment difficult, dye con-
taminations need to be well-pre-treated before release into the envi-
ronment (Yuan et al., 2023). Because of its ease of use, cheap cost, and
high effectiveness, photocatalytic dye degradation is the most promising
and effective way to address the issue of contaminated water. In contrast
to conventional methods, photocatalytic technology may effectively
break down pollutants without creating new ones (Shakoor et al., 2024,
Kaur et al., 2024). Photocatalytic technique is a popular method applied
for dyes degradation in the aqueous medium. ZnO has attracted a lot of
interest as a prospective material for photocatalysis due to a number its
important characteristics. Some of the characteristics that made ZnO an
effective photocatalyst is, its broad band structure, spectral overlap with
solar emission, good photocatalytic performance, biological and chem-
ical stability, low toxicity, and ease of use in both harsh and ambient
environmental conditions (Mirzaeifard et al., 2020). Like TiO5, ZnO
photocatalysts are extensively researched for degradation of different
organic recalcitrant contaminants in wastewaters’ remediating appli-
cations. Like TiO, it has several drawbacks that are amendable by
doping with metals, non-metals, and transition metal oxides to improve
the photocatalytic efficiency. For example, ZnO has a large bandgap that
needs high energy to excite electrons and can be hindered by photo
corrosion.

Thus, using doped zinc oxide is the simplest method for reducing the
bandgap and increasing its absorption of visible light (Zheng et al.,
2023). For example, a green technique for creating a ZnO-ZrO, nano-
structured catalyst for Rhodamine 6G dye degradation underneath a
solar light simulator is presented by Haq et al (Haq et al., 2021). They
demonstrate how the ZnO-ZrO structure’s heterojunctions improve this
material’s properties by reducing electron/hole pair recombination
(Haq et al., 2021). There have been various reports of using ZnO
nanoparticles as effective photocatalysts to mineralize contaminants.
For instance, Lee et al synthesized a plasmonic nanocomposite
ZnO/Au/Pd via eco-friendly and facile three-step pulsed laser ablation
and photo deposition method in liquid for improved photocatalytic ef-
ficiency underneath visible light. The Au NPs plasmonic properties
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combined with the outstanding trapping of photoexcited electrons on
the Pd resulted its meliorated photocatalytic performance. From Fig. S1
(a), they present degradation of MB underneath visible light irradiation,
the photocatalytic performance of intact zinc oxide, ZnO/Au5/Pd5,
Zn0O/Aul0/Pd5, and ZnO/Aul5/Pd5 composites (Jung et al., 2018).
The MB decomposition kinetics for each catalyst developed in this
investigation are shown in Fig. S1(b). The ZnO/Au5/Pd5,
Zn0O/Aul0/Pd5, and ZnO/Aul5/Pd5 composites, as well as pristine
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ZnO, have k values of 0.0027, 0.0042, 0.0145, and 0.0048/min,
respectively. Among the synthesized photocatalysts, ZnO/Aul0/Pd5
nanocomposites exhibit the highest decomposition rate constant of MB,
approximately 5.4 folds larger than that of pristine. Table 6 presents the
compilation of the applications of ZnO and its composites for dyes
photocatalytic degradation.

Table 6
Summary of the applications of ZnO-based materials for photodegradation of dyes.

Photocatalyst Pollutant Experimental condition Degradation Reusability ~ Remark Ref

efficiency (%)

PPy/CZ Methylene blue Concentration =60 mg/L,dose=1 92 3 Integration of CZ into PPy reduces the band (Patil et al.,
g/L, pH = 7, temperature = gap and recombination of electron-hole pairs, 2023)
28-44.5 °C, Sunlight, and time = that leads to enhanced photocatalytic activity
210 min. in the presence of sunlight

RGO/ Malachite green Concentration = 20 mg/L, dose =1 100 3 The improved RGO/y-Fe203/ZnO efficiency (Yadav et al.,

y-Fe203/ Methyl orange g/L, pH = 9, temperature = 25 °C, 100 was because of supressed carrier 2024)
ZnO Rhodamine B UV lamp 125W, and time = 40 100 recombination rate.
min.
Cu-ZnO/CdS/ Direct Blue Concentration = 50 mg/L, dose = 93 5 The synergy within Cu-ZnO/CdS/rGO (Tran et al.,
rGO 0.5 g/L, pH = 6.5, temperature = photocatalyst that allows exceptional 2024)
25 °C, UV light, and time = 100 photocatalytic efficiency, durability, and ease
min. of recycling

Ag—Ce/ZnO Rhodamine B Concentration = 30mg/L,dose=1 97 6 The high efficiency was due to ample surface (Liu et al.,
g/L, pH = 7, temperature = 25 °C, area, available active sites, and high 2023)

Xenon lamp 300W, and time = 30 photocatalytic attributes.
min.

Zn0O/TiO, Ciprofloxacin Concentration = 5 mg/L, dose =1 97 8 The optimized annealing technology leadstoa  (Li et al., 2024)
g/L, pH = 7, temperature = 20-25 great augmentation in photocatalytic
°C, Hg arc lamp 300W, and time = performance of material.

120 min.
ZnO/BT Crystal Violet Concentration = 160 mg/L, dose = 99 5 The synergy between the nanoparticles is due ~ (Aaga et al.,
Congo Red 0.3 g/L, pH = 7, temperature = 25 99 to immobilization of bentonite on ZnO which 2023)
Methylene blue °C, Hg arc lamp 300W, and time = 100 increases its photocatalytic activity.
150 min.
Co-ZnO-g- Eosin yellow Concentration = 1 mg/L, dose =1 96 - The synergy between Co and ZnO-g-C3N4 (Bandoh et al.,
C3Ny g/L, pH = 7, temperature = 25 °C, helps in supressing charge carrier 2024)
Xenon lamp 150W, and time = 180 recombination that improved the
min. photocatalytic activity of the material
ZnO-NPs Methylene blue Concentration = 15 mg/L, dose = 98.5 5 The catalyst almost neutral surface and (Sreelakshmi
Malachite green 0.5 g/L, pH = 7, temperature =25 95 interaction between K and Na within the et al., 2024)
Congo red °C, Xenon lamp 150W, and time = 95 composite enhanced the photocatalytic
Methyl orange 60 min. 96.7 activity of the ZnO nanoparticles.

ZnO@ZrO, Methylene blue Concentration = 10 mg/L, dose = 84.52 - The synergy between ZnO and ZrO is (Landge et al.,
0.2 g/L, pH = 7, temperature = 25 significant in enhanced photoactivity. 2024)
°C, Sun light, and time = 240 min.

ZnFe;04/Zn0O Methylene blue Concentration = 20 mg/L,dose=1 80 - The ZnFe;0,4 narrow band gap coupled with (Zouhier et al.,

Rhodamine blue g/L, pH=11, temperature = 25 °C, the ZnO improved the photocatalysis 2020)
Sun light, and time = 120 min. procedure under visible light.

ZrOy/Zn0O Acid orange 8 dye Concentration = 20 mg/L, dose = 93 5 The synergy between ZrO, and ZnO gives a (Gurushantha
0.2 g/L, pH = 7, temperature = 25 photocatalyst with reduced band gap which et al., 2017)
°C, UV light 30W, and time = 120 enhanced the photoactivity.
min.

ZnO Methylene blue Concentration = 10 mg/L, dose = 69-73 - The as-synthesized nanoparticles have small (El Golli et al.,
0.6 g/L, pH = 7, temperature = 25 band gap and reduced recombination rate 2021)
°C, Sun light, and time = 150 min. which translates to formation of high

photoactive material

NiO/ZnO Methylene blue Concentration = 20 mg/L, dose = 97.6 3 The synergistic influence as well source of (Singh et al.,
0.8 g/L, pH = 9, temperature = 25 light used enhanced the photocatalytic 2024)
°C, Sun light and Hg vapor lamp activity of the nanoparticles.
250W, and time = 90 min.

ZnO@PANI/C Congo red Concentration = 5 mg/L, dose = 100 5 The catalytic activity of ZnO was enhanced (Sayed et al.,
0.5 g/L, pH = 6, temperature = 25 after blending with PANI which was supported 2024)
°C, Metal halide lamp, and time = on the coal substrate.

100 min.
Zn0/Ag>0/g- Methylene blue Concentration = 10 mg/L, dose = 94.5 5 The band gap of ZnO nanorods narrows down  (Das and Sahu,
C3Ny 0.5 g/L, temperature = 10 °C, after Ag,0 and g-C3N, inclusion which 2024)
Metal halide lamp 400 W, and time improved visible light absorption, supports
= 60 min. photogeneration of excitons that facilitates
photocatalytic activities.
ZnFe;04 Methylene blue Concentration = 10 mg/L, dose = 80 5 The synergy within the nanoparticles made it~ (Azizi and

0.5 g/L, pH = 9, temperature = 25
°C, Hg lamp 250 W, and time = 60
min.

to have an average size, high surface charge, Kazemi, 2024)
and magnetic properties that enhanced its

photocatalytic activity.
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4.2.1. Mechanism for dyes degradation

The mechanism of dyes degradation by ZnO and ZnO-based mate-
rials have been studied by many researchers. Light from the sun or other
artificial source strikes ZnO, producing h™ in the VB and e~ in the CB. On
the surface of semiconductor photocatalysts, oxidation and reduction
reactions are made possible by creation of e~ and h™. Thus, mechanism
for eosin yellow dye by cobalt-doped ZnO-g-C3Ny4 heterostructures was
studied (Bandoh et al., 2024). The energy level positions of a photo-
catalyst’s VB and CB have a significant impact on its photocatalytic
activity. Therefore, the easiest way to understand the eosin yellow dye
degradation mechanism is to estimate the CB and VB energies of ZnO
and g-C3N4 (Mubeen et al., 2023, Schott et al., 2017). In general, the
photogenerated charge carriers exhibits affinity for low oxidation and
reduction potentials. When simulated solar light is irradiated on Co-Z-
n0-g-C3N4 nanocomposite, charge separation of electron-hole pair oc-
curs at g-C3N4 solely because of its lower band gap of 2.72 eV against
3.10 eV for ZnO. The photogenerated e~ transferred to the CB of zinc
oxide, given that CB of g-C3Ny4 is more negative (-1.14eV) than that of
ZnO (-0.26 eV). Also, the VB for ZnO (+0.84 eV) was more positive than
VB of g-C3Ny4 with value of +1.58 eV, and this allow the photogenerated
holes to migrate into the VB of g-C3Ny4. These electrons and holes can
then react with Oy and H5O to yield the radical O, and OH which can
react with dyes molecules in order to degrade and subsequently convert
the molecules into non-toxic substances such as HoO and CO, (Khan
etal., 2019, Le Pivert et al., 2019). The effect of Co, ZnO, and g-C3N4 are
presented for eosin yellow degradation as described in Eq. 7-13.

Zn0 + hv - e + h' ()
Coj + e —Co* (3
Co; + Oy = Coj + °0O, 9
e + 0y °0, (10)
h* + H,O0 - H" + *OH an
EosinY + *0, — CO, + H,O 12)
Eosin Y + *OH — CO, + H,O 13)

Similarly, the mechanisms of cationic dyes including congo red,
methylene blue and rhodamine B, have been studied using ZnO-CeO»
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(Manikanika and Kumar, 2024). The mechanism involves several reac-
tion processes. Initially, the dye molecules are adsorbed onto the surface
of molecules and the photoexcited charge carriers, allowing for the
efficient electron transfer. In the presence of light from UV source, the
photocatalyst becomes excited, thus, electrons are transferred to its
conduction band, resulting in the electron-hole pairs (e /h™") genera-
tion. The electrons from the surface of the CeO, migrated to the ZnO
conduction following the difference in the energy level difference and
the ZnO-CeO;, interface band alignment. Oxygen vacancies are formed
on the catalyst surface when the Ce*" is reduced to Ce3* which formed
trap centers for the electron that prevents the charge carrier’s recom-
bination. Moreover, the oxygen vacancies provide active sites for the
redox reactions. Alternatively, the electron migration to the surface of
the ZnO promotes surface-bound oxygen molecules reduction and
formed superoxide radicals (O3). The holes formed on the ZnO and
CeO,, valence band combined with the surface absorbed water molecules
and formed the powerful ‘OH. Being stronger oxidizing agents, the ‘O3
and OH ROS attack the dye molecules and consequently break them,
resulting into formation of less harmful intermediate products and their
complete mineralization to COy and water as depicted in the Fig. 8.
Overall, the z-scheme heterojunction formation facilitates the ROS
generation and prevents the charge carrier’s recombination, resulting
into faster and complete degradation of pollutants.

4.3. Photocatalytic degradation of pharmaceuticals

Pharmaceuticals are chemicals and substances, like drugs or medi-
cations that are employed for diagnosis, cure, and prevention of diseases
to modify or restore organs’ functions. The industrial pharmaceutical
sectors play a vital role in our society by providing several develop-
mental opportunities. Through inventive medication and their manu-
facture, they can secure the population’s well-being and have an impact
on economic and financial gains. Examples of such pharmaceuticals
include antibiotics, antiluetics, antidepressants, antipyretics, analgesics,
and many other categories (Upadhyay et al., 2025, Yadav and Purkait,
2016). Nevertheless, such industries contribute to a wide range of
environmental contaminants identified as pharmaceutical waste that are
synthesized through various processes. Pharmaceutical wastes are resi-
dues or effluents obtained from production processes which contains
organics or active ingredients that presents tremendous threats to
human health and the environment (Qi and Yu, 2020, Adamu et al.,
2024). Pharmaceuticals are frequently found in industrial and municipal

Zn0O-CeO, Heterojunctions

degradation

Fig. 8. Proposed mechanism of congo red, methylene blue, and rhodamine blue degradation by ZnO-CeO, Z-scheme photocatalyst. Reproduced from ref.

(Manikanika and Kumar, 2024).
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wastewater discharges because of overuse of the compounds. The exis-
tence of such pollutants in environmental wastewaters is a well-known
and a serious issue. Their presence in the environment poses health
challenges to the public in several pathways including the risk of con-
tracting pulmonary and respiratory illnesses, cancer, disease outbreaks,
infertility, birth defects, hormonal disruption, and many more (Zango
et al., 2023, Hamidon et al., 2024). Additionally, due to their persistent
nature and potential toxicity, pharmaceutical waste poses a risk to the
quality of the air and waters, the food chains, agricultural products,
animals, ecosystems, augmentation in greenhouse gas emission, wild
lives, and even higher animal mortalities (Molla-Mahmoudi et al.,
2018).

Recently, Amir et al. claimed the synthesis of a biochar-ZnO (BC-
ZnO) composite for improved degradation of ciprofloxacin. They re-
ported the adsorption—desorption experiments of a prepared samples in
the dark and then in visible light before the actual photocatalytic
decomposition (Amir et al., 2022). After 60 minutes in the dark, the
photocatalyst materials BC, ZnO, BCZ-1, BCZ-2, and BCZ-3 showed 42,
12, 44, 49, and 53% ciprofloxacin adsorption respectively. Upon illu-
mination with light, the biochar photocatalyst displayed only a little
change in its ciprofloxacin degradation and the curve becomes almost
linear from 60 to 240 minutes indicating that it is only good adsorbent,
but a poor photocatalyst. The augmentation in the decomposition rate
could be attributed to creation of more superoxide (O3) and hydroxyl
('OH) radicals in the composites which interact with the ciprofloxacin
molecules on BCZ surface that leads to higher ciprofloxacin degradation.
Amongst all the synthesized photocatalysts, the degradation efficiency
followed the pattern BCZ-3 > BCZ-2 > BCZ-1 > ZnO > BC, showing
BCZ-3 having the highest photocatalytic degradation of 98.55% due to
synergy between the pure BC and ZnO. Hence, it can be inferred that the
ciprofloxacin photocatalytic degradation increases with an increase in
ZnO loading amount on BC surface.

When studying the practical applications of a photocatalysts, two
important aspects to consider are their stability and reusability. The
regeneration results indicated that recycling of the photocatalysts
somewhat reduced the photocatalytic degradation of the adsorbate, as
illustrated in Fig. S2(c). Following its fourth cycle of regeneration, BCZ-
3 has attained the highest rate of photocatalytic degradation (80.3%),
compared to other photocatalysts. this suggests that BCZ-3 has strong
photocatalyst stability and recyclability to break down ciprofloxacin
molecules into small substances on exposure to visible light, which in-
creases the process’s economic viability for commercial use. The ability
of the antibiotic for photocatalytic decomposition to harmless sub-
stances was further scrutinized by COD (chemical oxygen demand) ex-
periments, as demonstrated in Fig. S2(d). For every sample, the COD
removal (%) was found to be between 45.7 and 98.1%. Utilizing biochar
and zinc oxide samples, the COD elimination (%) was calculated up to
45.7% and 57.8%, respectively. In BC, the COD removal was as a result
of adsorption of ciprofloxacin molecules on the BC surface, while the
removal by ZnO was because of its photocatalytic activity after light
illumination. The highest COD removal of 98.1% was obtained using
BCZ-3 composite which confirmed its superiority due to being the one
with the highest ZnO loading.

Huang et al. investigated the synthesis and photocatalytic perfor-
mance of a CeOy/ZnO heterojunction composite, fabricated through
hydrothermal and wet chemistry methods. Characterization techniques,
including SEM and UV-vis spectroscopy (Fig. S3 a-b)). Their findings
revealed that the composite exhibits a 3D nanoflower-like structure,
enhancing its surface area and photocatalytic activity, achieving a
95.9% degradation of tetracycline (TC) within 75 minutes (Fig. S3 d).
The analysis of active species and stability through cyclic testing in-
dicates that while the catalyst maintains its structure, its efficiency de-
creases after multiple uses due to residual TC on its surface (Fig. S3c¢).
The photodegradation mechanism involves the generation of charge
carriers (electrons and holes) under visible light irradiation, primarily
facilitated by the CeO,/ZnO heterojunction. The holes (h™) play a
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crucial role in the degradation of TC, while reactive species such as
superoxide radicals (O3) and hydroxyl radicals (OH) contribute to the
process, with the order of importance being h™ > ‘05 > ‘'OH > e". This
mechanism enhances the separation of charge carriers, leading to
improved photocatalytic efficiency in degrading organic pollutants.
Table 7 presents various research results on applications of ZnO and its
composites for pharmaceuticals photocatalytic decomposition. A sum-
mary of the composite’s optimal parameters, percentage degradation
performance, reusability, and remarks on the process has been provided.

4.3.1. Mechanism for pharmaceuticals degradation

Researchers have widely reported the mechanism of pharmaceuticals
degradation by the ZnO nanoparticles. In the degradation of pharma-
ceuticals, the photogenerated e~ and h™ charged particles and OH and
O3 radicals were responsible for the degradation process. Thus, a study
reported proposed mechanism for ciprofloxacin photocatalytic degra-
dation using optimized BCZ-X nanomaterial. The mechanism for cipro-
floxacin degradation has been widely reported that, when light is
irradiated on ZnO photocatalyst, the VB electrons of the ZnO are excited
to CB which subsequently leaves holes in VB of the ZnO. The photo-
created electrons are then transported to photocatalyst surface where
they combine with oxygen molecules to create Oz radicals. In this
research, as shown in Fig. 9, the BCZ-X used for the pollutant degrada-
tion as a biochar-based ZnO composite combine adsorption and photo-
catalytic decomposition processes (Ribao et al., 2019). The
photocatalytic degradation take place in stages as follows; irradiation of
light which generates electron-holes in ZnO; photo-created electrons
then react with the oxygen for superoxide radicals (O3) generation; the
photo-generated e” of CB and h* of VB of ZnO rapidly recombine; when
BC-based ZnO composites were synthesized, the photo-excited e” of CB
in ZnO transfers to surface of biochar and this grant a new conductive
path for e” and oxygen molecules are then converting to superoxide
radicals. On the other hand, the holes within ZnO VB reacts with hy-
droxyl ions/water molecules to be converted to OH™ radical, the released
electron from the redox process dissociates water to form H™ and OH".
Additionally, oxidation of OH™ to OH" happens through filling up holes
existing in the VB of zinc oxide NP. In the final stage, O; and OH' react
with the pollutant to form CO, and Hy0 along with other lees harmful
intermediates, as generally shown in (eqn. 14 & 24) (Ani et al., 2018).

BC — ZnO + hv — BC — ZnO (eg;) + BC — ZnO (hyy) 14)
Zno (egz) + 02 - 0, @s)
Zno (eg;) + ZnO (hyy) — ZnO (e- — h*) (16)
BC — ZnO (eg) — BC (e7) — ZnO a7
BC(e") + O, — O, 18
OH™ + h" - OH° 19)
H,O + h' - OH" + H' (20)
H,0 +e —H' 4+ OH™ @D
0; + Hy,0-H,0,—~0H —-H,0,—~e —OH +OH" (22)
O, + CIP —» CO, + H,0 + Degradation products (23)
OH® + CIP - CO, + H,O + Degradation products 249

4.4. Phenols photocatalytic degradation

Phenols are a diverse class of chemical compounds with an aromatic
ring connected to a hydroxyl group functional group (-OH). They are
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Table 7
Summary of the application of ZnO and ZnO-based nanoparticles for photodegradation of pharmaceuticals.
Photocatalyst Pollutant Experimental condition Degradation Reusability =~ Remark Ref
efficiency (%)
Zn0O/Fe304- Ibuprofen, Concentration= 250 mg/L, 100 3 The photocatalyst exhibits (Akkari et al.,
Sep Acetaminophen dose =10 g/L, pH = 7, Xe 85 superparamagnetic that offers easy recovery ~ 2018)
Antipyrine lamp 450W, and time = 600 70 and reusability after several cycles of
min. operation.
Ag/g-C3Ny/ Paracetamol Concentration= 40 mg/L, 85.3 5 The high photocatalytic ability of the (Thang et al., 2021)
ZnO Cefalexin dose = 0.08 g/L, pH =7, 71.74 nanorods was due to synergy between the
Amoxicillin Visible light 300W, and time 41.36 constituent particles.
= 180 min.
ZnO:Au Ciprofloxacin Concentration= 5 mg/L, dose 93 4 The photocatalyst exhibits high degradation  (Zheng et al., 2023)
=1g/L,pH=28,UVlight8W, potential due to incorporation with Au.
and time = 60 min.
ZnO-NiCoMn Ampicillin Concentration= 20 mg/L, 96 5 The nanostructures have superior (Murugan et al.,
Ciprofloxacin dose = 0.3 g/L, pH = 6.5, 94 photocatalytic activity due to high interfacial ~ 2024)
Halogen lamp 250 W, and contact which made effective charge
time = 100 min. separation.
Ag-ZnO- Caffeine Concentration= 20 mg/L, 99.4 3 The improved photocatalytic activity was (Elhalil et al.,
La,0,CO3 dose = 0.3 g/L, pH = 7.5, UV due to interfacial heterostructure in the 5% 2019)
mercury lamp 400 W, and Ag-Zn0O-Al,03 catalyst.
time = 210 min.
WO3-ZnO/ Tetracycline Concentration= 33 mg/L, 96.5 5 Enhanced photocatalytic activity was due to ~ (Mohtaram et al.,
RUAC dose = 0.85 g/L, pH = 4.57, AC incorporation that reduce photocarrier 2024)
Xe lamp 300W, and time = recombination and charge transfer resistance
108 min.
P25-TiO,/Fe’/ Oxytetracycline Concentration= 30 mg/L, 89.3 4 The synergism between the ZnO and TiO, (Azadi et al., 2024)
ZnO dose = 0.28 g/L, pH = 7.5, improved the pollutant degradation
Visible LED 10 W, and time =
120 min.
ZnO Paracetamol Concentration= 20 mg/L, 95 6 The nano size, small bandgap of the ZnO (Lakshmi et al.,
dose = 0.4 g/L, pH = 6, temp enhanced its photoactivity. 2024)
= 25 °C, UV light, and time =
180 min.
Sb-ZnO/MoS, Ciprofloxacin Concentration= 5 mg/L, dose 72 5 The synergistic effect of ZnO incorporation (Masekela et al.,
= 0.5 g/L, pH = 7, Visible into MoS, showed photocatalysis coupled 2024)
light 30 W, and time = 180 with piezo-photocatalysis that generated
min. piezoelectric field which greatly suppressed
holes recombination, as well as lead to high
photoactivity of the nanoparticles.
ZnO Tetracycline Concentration= 10 mg/L, 51 5 The synthesized ZnO-mediated solar (Gayathri et al.,
Sulfamethoxazole dose = 0.1 g/L, pH = 9-11, 65 photocatalyst in combination with natural 2023)
Chloroquine Sun light, and time = 60 min. ~ 61 solar energy enhanced photocatalytic
Diclofenac 55 activity of the nanoparticles.
Ce-ZnO Nizatidine Concentration= 5 mg/L, dose 96 - The Ce-doped ZnO exhibited enhanced (Al Abri et al.,
Levofloxacin =1 g/L, temp. = 25 °C, UV-B 96 photocatalytic activity due to Ce showcasing ~ 2019)
Acetaminophen Hg lamp 8 W, and time =270 65 finer grain size, smaller cluster size, and
min. ability to act as trap for the inhibition of
photogenerated electron-hole
recombination.
MgO-ZnO/ Sulfamethoxazole Concentration= 55 mg/L, 100 6 The remarkable synergy between US, MZG, (Moradi et al.,
Graphene dose = 0.8 g/L, pH = 9, temp. and LED irradiations lead to enhanced 2020)
= 25°C, UV-A lamp 90 W, and photodegradation of the pollutant.
time = 120 min.
g-CsNy/ Cefixime Concentration= 10 mg/L, 80 5 The immobilization of g-C3N4 and Ce-ZnO on (Sheydaei et al.,
Ce-ZnO/Ti dose = 0.8 g/L, temp. = 25 °C, Ti grid sheets provided synergy for the 2021)
Visible light 72 W, and time = degradation of the pollutant.
330 min.
ZnO-SrO-CdS Tetracycline Concentration= 20 mg/L, 98.8 5 The ZnO-SrO-CdS formed Z-scheme (Omar et al., 2024)
dose = 0.1 g/L, pH = 7, temp. heterojunction for the pollutant degradation
= 25 °C, Sun light, and time =
120 min.
Ag/g-C3Ny/ Pantoprazole Concentration= 30 mg/L, 98.24 7 The degradation of pantoprazole was due to (Raha and
ZnO/Fe304 dose = 0.6 g/L, pH = 6, temp. the synergistic effects, and high plasmon Ahmaruzzaman,
= 25 °C, Sun light, and time = resonance that results to enhanced 2022)
40 min. photoactivity.
BCZ-3 Ciprofloxacin Concentration= 100 mg/L, 98.6 4 The synergy between BC and ZnO made the (Amir et al., 2022)

dose = 10 g/L, pH = 7, LED
light 3 W, and time = 240 min.

material to combine high adsorption and
photocatalytic activity.

extensively used in many industrial processes, including synthesis of
petrochemicals, dyes, insecticides, herbicides, medicines, and cosmetics
(Garba et al., 2016). In addition, they are frequently utilised in house-
hold items including mouthwash, cleansers, and flavourings. Therefore,
human activity has a major role in the environmental presence of
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phenols, which frequently results in high quantities of these chemicals in
wastewater. Phenols are widely used in both domestic and industrial
settings, and as a result, they are frequently found in municipal waste-
water and the effluents that these companies discharge (Isiyaka et al.,
2023). If phenols are not adequately removed and controlled from
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Fig. 9. Proposed mechanism for the photocatalytic degradation of ciprofloxacin using BCZ-X composite. Reproduced from ref (Amir et al., 2022).

environmental waterways, pollution may occur, which could have a
negative impact on the health of living things. The toxic phenols effects
in human include respiratory and track complication, skin and eye ir-
ritations, gastrointestinal issues, and many others. Additionally, impact
of phenols in the environment can disrupt ecosystems as well as pose a
threat to aquatic organisms (Zango et al., 2022). As a consequence, it is
important to address the chemicals’ discharge through appropriate
wastewater treatment and the application of legislation to reduce their
negative effects on the environment and public health (Garba et al.,
2023).

Numerous photocatalysts have been employed to study the degra-
dation of phenols, viz. metal oxide nanoparticles like ZnO nanoparticles
and their composites. Thus, Jiang et al., reported the synthesis and ap-
plications of a BiOI-loaded ZnO composites via a facile two-step method
(Jiang et al., 2017). The report showed that, after two hours of exposure
to simulated solar light, the phenol decomposition efficacy of pristine
ZnO was only 40%, while that of BiOI/ZnO composites display higher
phenol decomposition activity. The degradation efficiencies of phenol
for 5, 10, and 15% BiOI/ZnO composites were 66.8, 99.9, and 78.6%
after two hours of simulated sun-light irradiation, respectively. The
experiments data in Fig. S4(a) may be fitted to the
Langmuir-Hinshelwood model and the linear fitting curve against the
irradiation time get plotted to obtain the rate constant k (Fig. S4(b). The
rate constant was found to be 0.0042, 0.00915, 0.031030, and 0.0288
min~?! for pristine ZnO, 5% BiOI/Zn0O, 10% BiOI/ZnO, and 15% BiO-
1/Zn0, respectively. The time-dependent UV-vis absorption spectra for
the phenol catalysed by 10% BiOI/ZnO underneath simulated solar light
illumination, are displayed in Fig. S4(c). Upon a 2-hour irradiation, the
10% BiOI/ZnO powders are capable of up to 99.9% phenol degradation
underneath simulated solar light. The results of photocatalytic studies
show that 10% of BiOI is enough to load onto the surface of ZnO to
facilitate the breakdown of phenol. Based on the UV-Vis DRS results, the
BiOI/ZnO was shown to exhibit a notable absorption in spectra range
between 300 and 550 nm. To investigate the source of the increased
photocatalytic activity, phenol was degraded by ZnO, 10% BiOI/ZnO,
and BiOlI catalysts under various light irradiation wavelengths. As can be
seen in Fig. S4(d), BiOl/ZnO catalyst showed the highest decomposition
rate when exposed to UV light of A > 510 nm wavelength. Summary of
pristine and modified ZnO for phenol degradation was highlighted in
Table S1.

4.4.1. Mechanism for phenols degradation

Several studies have reported the mechanism of photocatalytic
degradation of phenols. As a result, different photocatalytic degradation
mechanisms have been suggested, based on active species involved
during the degradation process. It was proposed that, the most potent
regenerating species that attack and degrade phenol molecules are ‘O3,
‘OH, and (h") radicals. Thus, application of europium doped ZnO
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hierarchical micro/nanospheres was employed to degrade phenols (Sin

et al., 2014). When exposed to radiation, ZnO’s valence band electrons

(ecp) are energised to move into the conduction band, leaving hyp
behind. The standard redox potentials for E° (Eu3+/Eu2+) =-0.35V,

E%0,/05) = -0.33 V, and Eyp(Zn0O) = -0.50 V against normal

hydrogen electrode. The Eu®* that has partly filled f orbitals within the

ZnO is a strenuous Lewis acid that can easily trap ecg and as well hinder

the recombination with hy{;z. Hence, the Eu®t being in reduced form is

unstable so that the ecg can become de-trapped and be transferred to O,

molecules that promotes fabrication of O3 that can be converted to OH'.

Thus, the results indicate that the dopant (Eu) serves as an efficient

charge carrier trap as well as a facilitator for transfer of the excited ecp
under sunlight irradiation. Consequently, the Eu dopant in ZnO was

thought to have caused this entrapment, which caused separation of the

charge carriers, increased amount of ‘'OH produced during the break-

down of phenol that greatly enhanced Eu/ZnO photocatalytic activity.

Table S3 summarizes the application of ZnO and composites in the

photocatalytic degradation of phenol. The detailed decomposition

mechanism for the Eu/ZnO hierarchical nanospheres can be presented

as follows.

Zn0 + hv -ZnO (eg; + hyy) (25)
Eu*" + ey — Eu** (electron trapping) (26)
Eu** + O, —» Eu®* + O, ~(electron transfer) 27)
0,  + H' - *OOH (28)
*00H + H' + eg — Hy0, (29)
H,0, + ez — *OH + OH (30)
hys + H,O - H* + *OH (3D
hiy + OH — "OH 32)

Recently, Alegriaetal and coworkers investigated the effect of copper
doping on the photocatalytic performance of 2D ZnO-stearic acid (SA)
composites for the degradation of indigo carmine (IC) and 4-chlorophe-
nol (4-CP) under simulated sunlight (Alegria et al., 2024). Fig S5 shows
that the copper-doped samples, especially the Zng 95Cug 50-SA com-
posite, exhibited significantly enhanced photocatalytic activity
compared to the pristine ZnO-SA sample. The Zng 95Cug ¢sO-SA com-
posite achieved complete degradation of IC (Fig S5a) and approximately
65% degradation of 4-CP (Fig S5b), outperforming the undoped ZnO-SA
and the commercial TiO5 (P25) photocatalyst. The kinetic analysis in Fig
S5c reveals that the Zng 95Cug 050-SA composite had a degradation rate
constant for IC that was four times higher than that of the ZnO-SA
sample, indicating the beneficial effect of copper doping. Fig. 10a
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demonstrates that the presence of radical scavengers, such as iso-
propanol, benzoquinone, and ammonium oxalate, reduced the photo-
catalytic activity of the ZnggsCup os0-SA composite, suggesting the
importance of hydroxyl radicals, superoxide radicals, and photo-
generated holes in the degradation process. Fig. 10b shows the increase
in hydroxyl radical generation over time, as measured by the photo-
luminescence of 2-hydroxyterephthalic acid, further supporting the role
of hydroxyl radicals in the enhanced photocatalytic performance of the
copper-doped composite. The proposed mechanism in Fig. 10c suggests
that the decreased bandgap of the copper-doped sample, compared to
the undoped ZnO-SA, facilitates the generation of electron-hole pairs
and the formation of reactive oxygen species, leading to the improved
photocatalytic degradation of the organic contaminant. Fig. 10d illus-
trates the reusability and chemical stability of the Zng 95Cug 05s0(SA)0.13
photocatalyst over four consecutive degradation cycles of the contami-
nants. The photocatalytic efficiency of the Zng g5Cug,050-SAg.13 sample
remains relatively stable after four reaction cycles, with only a minor
performance loss of 7-12% observed. The slight decrease in perfor-
mance over multiple cycles is attributed to the potential reduction of Cu
(II) to Cu(I), which is not typically observed in sensitized ZnO-stearic
acid systems.

4.5. Herbicides and pesticides degradation

Pesticides and herbicides are one of the most frequent water
contaminating organic compounds. They are widely employed in agri-
culture for control of weeds and pests. However, upon application to the
crops, they are often washed off by rainfall or water from irrigation
source, thus, they get transported to water bodies such as lakes, rivers,
and streams (Isiyaka et al., 2021). Usually, they become accumulated in
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the surface waters through the runoff and could resulted in the
contamination of the aquatic ecosystems, causing harmful effect the
living organisms (Isiyaka et al., 2021). In human body, they increased
the toxicological effects as they associated with adverse health risks such
as developmental effects, acute and chronic toxicities. Recent studies
have shown that long term exposure to these chemicals may cause skin
rashes, respiratory ailments, reproductive complications, neurological
disorder, cancer, and endocrine disruption (Isiyaka et al., 2021). Due to
the toxic effects of the herbicides and pesticides, they are classified as
possible human carcinogens (Veerakumar et al., 2021). Thus, regula-
tions on the use of the toxic chemicals and detective measures are
developed identify the presence of the chemicals in the environmental
waters. Additionally, efforts and being put forward using wastewater
remediation processes to reduce, manage, and address their impacts of
toxic chemicals by improving the water quality.

The use of ZnO nanoparticles as efficient photocatalysts are reported
for the mineralization of the herbicides. For example, the application of
3D ZnO nano stars (ZnONSt) for the degradation of methyl parathion
(MP) herbicide as well as that of pendimethalin (PDM) and trifluralin
(TFL) pesticides has been investigated (Veerakumar et al., 2021). The
ZnONSt has possessed star-like morphology and hexagonal wurtzite
phase with specific BET surface area and bandgap of 48.81 m?/g and
3.31 eV, respectively. Thus, it has demonstrated MP degradation of 92%
under visible light illumination of 200 min at Apax = 400 nm (Fig. 19a).
Similarly, 180 minutes was sufficient for the degradation of PDM
(Fig. 11a), which was observed by the total disappearance of the yellow
color of the pollutant. For the TFL degradation, 160 min. The efficacy of
the material has been attributed to its ability to harness the visible light
efficiently which produced the ROS that attack the pollutant molecules
(Veerakumar et al., 2021). Surprisingly, inefficiency for the ZnO was
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reported for the diazinon pesticide degradation (Sakineh et al., 2019).
Using the pristine material (ZnO/UV) only 3.3% of the pollutant was
degraded. However, the degradation efficiency was improved to when
the UV/PMS was employed, achieving degradation efficiency of 55%
(Sakineh et al., 2019). The lower performance of the ZnO necessitates its
modification for the pollutant degradation.

Similarly, decoration of the ZnONSt with Pd and Ag nanoparticles
has been illustrated to improve the surface properties and light ab-
sorption efficiency of the material (Veerakumar et al., 2021). The BET
surface area was 32.34 and 39.72 m2/g, whereas the bandgap was 3.11
and 3.14 eV for the PdA@ZnONSt and Ag@ZnONSt, respectively. The
degradation of MP has been shown to improve to over 99% when
Pd@ZnONSt and Ag@ZnONSt photocatalysts were employed which
prolonged its stability and reusability up to 6 degradation cycles. Both
Pd@ZnONSt and Ag@ZnONSt have revealed the formation of p-nitro-
phenolate (PNP) and dimethyl-triphosphoric acid (DMTPA) as
by-products with gradual decrease in the absorbance and formation of
new peak at Amax 278 and 400 nm, respectively. Additionally, the UV
light illumination time has been shown to reduce from 180 — 90 min for
the PDM degradation using the PdA@ZnONSt and Ag@ZnONSt photo-
catalysts, respectively (Fig. 11(b and c)). Their kinetics have compared
and was found higher than that of TiO,, ZnO nanoparticles and ZnONSt
(Fig. 11(d) (Veerakumar et al., 2021). Table S2 summarized the finding
reported on the application of ZnO and their composites for the degra-
dation of the pollutant.

4.5.1. Mechanism for herbicides and pesticides degradation

The mechanisms of herbicides and pesticides degradation by the ZnO
nanoparticles and their composites have been investigated by re-
searchers. When a light from sun or artificial source strikes the ZnO, its
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e in CB and h" in VB are produced. The creation of the e~ and h™ allow
the process of oxidation and reduction processes to occur at surface of
semiconductor photocatalysts. Thus, the mechanism of MP, PDM and
TFL photocatalytic degradation by ZnONSt was studied. When irradi-
ated by visible light, e~ are produced in CB while h* are produced in VB
of the photocatalyst. The e~ generated in the presence of O, produced
abundant O3 radical, while the h* generates highly reactive ‘OH radicals
with higher oxidizing potentials. The generated ROS notably attack the
pollutants and cause their degradation. For the MP degradation, the PNP
and DMTPA are further degraded by the 'OH to form the final products
(Veerakumar et al., 2021). Metal nanoparticles deposited on ZnO sur-
face are known to improve photocatalytic activity of the semiconductor
material. Thus, the Pd and Ag deposited on the surface of the ZnONSt
enhanced its capability to trap the traps the photogenerated e” in a
Schottky barrier by preventing it from returning to the surface of the
ZnONSt. As such, the Pd and Ag as dopants acted as sink of e that
enhanced the interfacial charge-transfer between the ZnONSt and the
metals and helped in prolonging the e /h™ pairs recombination. (Lee
etal., 2017). The effect of the ZnONSt, Pd and Ag for the MP degradation
are represented by the eqn. 33 - 39.

ZnONSt + hyy — ZnONSt (eqy + hyp) (33)
ZnONSt (e”) + M (Pd, Ag) - ZnONSt — M(e™) (34)
ZnONSt — M(e™) + O, — ZnONSt — M(e”) + O; (35)
0, + H"aq — HO; (36)
2HO; — H,0, + O, (37)
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H,O0, + Oy + ¢ > O+ *OH + OH™ (38)
*OH /h;B + MP — PNP + DMPTA + Degradation products (39)

Thus, the proposed mechanism for the degradation was demon-
strated in Fig. 11(e). Upon visible light irradiation, the photoexcitation
of charges occurs. The transfer of e~ the ZnONSt to either Pt or Ag
present on the surface of the photocatalyst. In such case, the frequent
recombination of the charges is avoided and the catalytic efficiency of
the PA@ZnONSt and Ag@ZnONSt are greater than that of the pristine
ZnONSt. The MP photocatalytic degradation is initiated by the P-O-C
bonds cleavage which is subsequently oxidized to form the phosphate
ion and carbon dioxide and other oxidation products. The mechanism of
carbaryl degradation using ZnO/AC was also studied (Rungsawang
etal., 2024). The AC has been shown to serve as a carrier collector of the
photogenerated species. It also served as reinforcement for the adsorp-
tion of the herbicide which assist the photocatalytic process. Thus,
during the excitation process, the e from CB of the ZnO are transferred
to CB of the AC. Concurrently, the h™ from VB of ZnO are transferred to
VB of AC. This transfer behavior prolonged the e~ /h™ pairs lifetimes and
suppressed their recombination. The process facilitates the generation of
the ROS which continuously attack the pollutant and its degradation and
complete mineralization to CO, and H,0 (Rungsawang et al., 2024).

4.6. PAHs degradation

Polycyclic aromatic hydrocarbons (PAHs) are one of the ubiquitous
organic presents in wastewater and other environmental matrices. They
are formed from incomplete combustion of petroleum and petrochem-
ical substances and are released into the environment as a result of
anthropogenic activities such as industrial production, emission of ve-
hicles, and runoff from paved surfaces (Lii et al., 2021, Xie et al., 2023).
When discharged into the water bodies, PAHs exhibit varying degrees of
toxicity in the ecosystem, depending on the extent of exposure, con-
centration level and their chemical structure. Due to their persistent
nature, they are transported into the environment, and they undergo
bioaccumulation in the tissues of organisms, cause adverse effect to
aquatic organisms, plants, and animals (Garba et al., 2023, Zhong et al.,
2022). Some PAHs are classified as carcinogenic, mutagenic, posing
higher degree of risks to both human health. Due to their chemical
structure and low water solubility, they are persistent in the environ-
ment for extended periods (Costa et al., 2020). They adsorbed in sedi-
ments and organic matter which resulted in their bioaccumulation in the
body of aquatic organisms and disrupt their lives (Zhao et al., 2019).
High concentration of PAHs in fishes, invertebrates, and other aquatic
species caused reduction in the rate of growth, developmental abnor-
malities, and impaired reproduction. Chronic exposure to PAHs in
humans has been linked to respiratory ailments, skin irritation, repro-
ductive disorders, and an increased risk of certain cancers (Shi et al.,
2022, Hoai et al., 2022).

Considering their toxicity and resistance in the environment, reme-
diation techniques are needed to mitigate their effects and possibly
eliminate them from the environment. Understanding the PAHs toxi-
cological properties of vital for the implementation of designing efficient
remediation strategies for complying with regulatory standards are
crucial steps in mitigating the adverse effects of PAHs contamination in
the environment (Zango et al., 2020). They are resistance to photolysis
and traditional techniques of bioremediation, coagulation and floccu-
lation may not effective and environmentally sustainable for their
remediation (da S. Medeiros et al., 2022). Thus, various wastewater
remediation processes such as the physical techniques (e.g., filtration,
adsorption) (Zango et al., 2021), chemical techniques (oxidation,
photo-Fenton, persulfate and photochemical) treatment processes have
been employed for the PAHs remediation. The success of photocatalytic
degradation technique for PAHs remediation has been widely recog-
nized (Adamu et al., 2023). Various photocatalysts have been employed
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and proven successful for the complete mineralization of the PAHs.

ZnO is among the most vastly exploited metal oxide nanoparticles for
the degradation of PAHs. It has shown higher efficiency for the and
photocatalytic degradation of both parent and substituted PAHs
(Nguyen et al., 2020). First, the PAHs get adsorbed on the ZnO surface
which resulted in an increased in the local concentration of the mole-
cules of the PAHs near the surface of catalyst. This facilitated the
interaction betwixt the ZnO active sites and PAHs molecules which
promotes the decomposition activity in presence of UV or visible light.
The PAHs adsorption onto the ZnO improved its proximity with the
generated ROS during the degradation process as compared to its freely
dispersion in the solution (Martinez-Vargas et al., 2019). The photo-
catalytic degradation of naphthalene was investigated by ZnO nano-
particle prepared using low temperature method (Sliem et al., 2022).
The photocatalytic test was carried out in aqueous ethanol using UV
lamp with light intensity of 1 — 2 W/cm?, pH of 12 and temperature of 25
°C. The photocatalytic degradation has been affected by the dosage of
ZnO with the best degradation performance achieved at the lower
dosage of 222 mg/L. The UV light generates the photon that facilitates
the movement of electrons from ZnO valence band to its CV which cause
the degradation of the naphthalene (Sliem et al., 2022).

However, when modified to form composites, the performance of the
materials is greater than the pristine form due to synergy of the
contributing components. For instance, zeolite A (ZA) has been a unique
three-dimensional micropores aluminosilicate material with good
application in organic pollutant adsorption. Its core composite with
oxygen-deficient ZnO nanosheet (core-shell ZA@ZnO;.x) has shown
superior efficiency as photocatalyst for decomposition of different PAHs
(Manna and Sen, 2023). Despite the two catalysts can be activated by
visible light, the performance of core-shell ZA@ZnO; x is much greater
than that of ZnO;-x. Within the visible light irradiation of 120 min,
core-shell ZA@ZnO;.x composite has achieved decomposition efficacy
of 96%, 95.1%, and 93% for fluorene, phenanthrene and anthracene,
respectively (Manna and Sen, 2023). The photocatalytic performance of
pristine and Fe-doped ZnO/PVA nanofiber composite was also investi-
gated for naphthalene degradation (Sekar et al., 2018). Underneath
visible light illumination and without the photocatalyst, only 36% of
naphthalene degradation was recorded. The degradation efficiency
increased to 58 and 70%, in the presence of ZnO and Fe-ZnO nano-
particles, respectively. However, when Fe-doped ZnO/PVA nanofiber
was used, the efficiency of the decomposition increased to 81 and 96%
for the uncalcined and calcined samples, respectively. It was established
that the Fe-doping narrowed the bandgap and provide oxygen vacancies
that trapped the electrons and holes as well prevent their recombination.
Table S3 contained summary of pristine and modified ZnO for the PAHs
degradation.

4.6.1. Mechanism of PAHs degradation

Researchers have evaluated the mechanism of PAHs degradation by
the ZnO nanoparticles. The semiconducting properties and higher sur-
face area of the photocatalyst served as a backbone for its photocatalytic
activity. Direct oxidation of PAHs takes place in the presence of ZnO
nanoparticles via e~ transfer processes. Upon UV and visible light
exposure, the ZnO generates ROS such as hydroxyl radicals (OH). The
ROS are the major key players for the cleavage of the PAHs molecular
structure which initiate the oxidation reactions that results breakdown
and decomposition of molecules to fewer toxic species. Hence, re-
searchers have investigated the photocatalytic decomposition of PAHs
by the ZnO nanoparticles. The procedure for naphthalene degradation
was described by Sing et al. When a UV light was shunned on the ZnO, its
VB e~ jumps to CB, resulting in formation of h™ on VB. The e~ on the
ZnO surface combined with Oy and H" in the medium to form Hy0,
which breakdown to OH™ and 'OH radicals. Similarly, in the presence of
H0, ‘OH radicals are produced by the h™ which attacked the PAHs
molecules and caused their breakdown (Singh et al., 2013). The effi-
ciency of anthracene degradation by the ZnO nanoparticles was also
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shown to accelerates by the higher concentration of HyO5 which facili-
tated the OH radicals formation through either trapping the e™ or
self-decomposition (Sliem et al., 2019).

The photocatalytic degradation of PAHs by modified ZnO photo-
catalysts possessed better surface activities compared to the pristine
form. For instance, C-atom doped ZnO has demonstrated better effi-
ciency for the PAHs degradation (Xue et al., 2018). Its bandgap was
narrower by 0.19 eV in comparison to the crystal of pure ZnO. On
irradiation by sunlight, the h* on the C-ZnO surface generates 'OH
radicals via oxidizing HoO and OH™, while the e™ generated ‘O3 by re-
action with the absorbed O;. Meanwhile, the e~ on the surface of the
excited PAHs is migrated to the C-ZnO CB and is captured by the O3 to
generates 'Oz radicals (Xue et al., 2018). Mechanism of PAHs degra-
dation by core-shell ZA@ZnO,.x was also proposed (Manna and Sen,
2023). The generation of photoexcited e~ and h* occurred at CB and VB
of the material upon visible light excitation (eq. 40). The core ZA in the
nanocomposite potentially prevents the e-/h+ recombination by medi-
ating the e to its vacant site (eq. 41). The production of ‘'OH and O3
radicals takes place at VB and CB due to photooxidation-reduction re-
action as represented by the Eqs. (42) and (43). On the other hand,
ZnO1.x possessed higher porosity than the ZA. Thus, it traps the PAHs
without blocking the micropores of the ZA which acts trappers of the e~
(eq. 44). Thus, the OH radicals and the h, attack the PAHs either
directly and indirectly, which causes they oxidation and subsequent
degradation as highlighted by the eq. (45) and (46), respectively. The
‘Oz also contributed in the degradation of the PAHs into smaller in-
termediates (eq. 47). The final products for the degradation being the
CO5 and H,0 molecules (Manna and Sen, 2023).

ZAQZnOy x + hyy — ZAQZnO, x (egz + hip) (40)
ZAQZnO,_x (eg + hiy)—ZnOyi_x (hys) + ZnOi_x (egy) (41)
H,0 + Zn0,_x (hiz) - H" + *OH (42)
0, + ZnOy_x (eg)— "0, (43)
Zn0;_x (egy) — ZA (e;ap> (44)

Zn0;_x (hy) + PAH — Smaller intermediate products + CO; + H,O

(45)
*OH + PAH — Smaller intermediate products + CO, + H,O (46)
O; + PAH — Smaller intermediate products + CO, + H,O 47)

The synergistic effect of MOF modified ZnO nanocomposite (ZnO-
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MIL-101(Cr)) was also investigated for phenanthrene degradation
(Adamu et al., 2024). The ZnO-MIL-101(Cr) was able to degrade over
98% of the PAH within 150 min of visible light irradiation. The photo-
catalytic decomposition pathway was highlighted in Fig.12. The e” on
the surface of photocatalyst was excited by the visible light illumination
which generates h' in its VB. The e~ oxidized the O to generate the ‘O3
radicals which formed HOj; radical upon protonation and subsequently
transformed to the HyO,. The H5O- substantiated the formation which
'OH radicals that facilitated the cleavage of aromatic rings which further
formed intermediates and subsequent degradation to CO, and H50O
(Adamu et al., 2024).

4.7. Degradation of other organic pollutants

ZnO has gained immense attention from the researchers in the field
of environmental science and engineering due to photocatalytic effi-
ciency. It has potential physicochemical and semiconducting properties
and tunable surface morphologies for emerging and micropollutants
remediation from environmental water sources. Thus, it has been
prominent for decomposition of various organic pollutants due to its
efficient adsorption of visible and ultraviolet light and its lower
bandgap. Apart from the famous organic pollutants, the materials have
been utilized for other toxic organic compounds such as poly and per-
fluoroalkyl substances (PFAS) (Dehghani et al., 2022), and wide spec-
trum of organic molecules that contaminate the environmental waters
(Khdary et al., 2022, Fathalian et al., 2024). Upon exposure to the
sunlight or other light from artificial source, the ZnO nanoparticles is
potentially excited and produced ROS such as such ‘OH, ‘O3, OH™ and
other intermediate species which are highly reactive for attacking the
organic molecule and oxidizing them to less harmful substances. The
process of photocatalytic degradation has been promising for remedia-
tion of wide range of the organic species from environmental waste-
waters. The technique has been efficient for addressing the issue of
environmental pollution.

4.7.1. PFAS degradation

The poly- and perfluoroalkyl compounds such as perfluoroalkyl
carboxylic acids (PFCAs) are among the most toxic organic pollutants
that are vastly traced in environmental wastewater samples. They are a
group of synthetic chemical substances that are widely recruited for
various industrial applications such as in the production of surfactants,
flame retardants, waterproof clothing, fire forms, oil-repellent and in
making consumer products such as food packaging (Wang et al., 2005,
Wang and Burghaus, 2005). They possessed high stability and unique
chemical features due to their predominant C-F bonds. The PFAS have
been detected in environmental wastewaters and are known to be
persistent, bio accumulative, and toxic to the living organisms. They are
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Fig. 12. Proposed mechanism of phenanthrene degradation by ZnO-MIL-101(Cr) photocatalyst. Reproduced from (Adamu et al., 2024).
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classified as endocrine disruptors in humans, causing various ailments
such as immunotoxicity, thyroid and kidney diseases and behavioral
disorders (Wang et al., 2005, Tang and Luo, 2013). As such, much
environmental concerned have been raised concerning the substances
PFAS in the environment due to their harmful and potential health im-
pacts to plants, animals, and humans. They accumulate in the environ-
ment and are resistant to photolysis and conventional wastewater
remediation techniques (Barisci and Suri, 2021). As such, efforts have
been put to regulate, monitor, and eliminate the toxic compounds from
the environmental waters. Advanced oxidation techniques, particularly
photocatalysis has been widely recognized due to its efficiency for the
remediation of the PFAS.

Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate
(PFOS) have been the most iconic and widely detected PFCAs in the
environmental waters. Their photocatalytic degradation has been
widely investigated (Leung et al., 2022). The photocatalytic degradation
of PFOA has been studied using ZnO nanoparticles and its composites.
Yang et al., evaluated the efficacy of flower-shaped BisO71/ZnO n-n
heterojunction microspheres (BOIj o4-BHZA-400) synthesized via sol-
vothermal technique and calcined at 400 °C for decomposition of PFOA
visible light irradiation (Yang et al., 2021). Under optimum condition of
initial PFOA concentration of 0.5 g/L, pH of 4.0, photocatalyst dosage of
0.5 g/L, and irradiation time of 6 hours, the photocatalytic degradation
efficiency was 91%. Higher dosage of the photocatalyst caused
agglomeration and irradiated light scattering which decrease the effi-
ciency of the process. Thus, the mechanism of the process has been
proposed by calculating the bandgap of the material which was 2.24 and
3.33 eV for the BisO;I and ZnO, respectively (Fig. 13), while the
calculated bandgap of the BisO7I/ZnO n-n heterojunction was 2.64 eV
Thus, upon visible light illumination, excitation of BisO7I occurred
which generates e /h™ pairs. The e from the BisO5I surface are trans-
ferred to the ZnO under the influence of electric field that occurred at the
n-n heterojunction region of composite. However, since the ZnO has VB
potential which is more positive compared to that of the BisO;I, the h™
from the BisO7I could not be transferred to the ZnO. As such, the CB of
the ZnO only contained the photoinduced e”, whereas the VB of the
BisO,I maintained its h™. Thus, the n-n heterojunction BisO7I/ZnO
possessed excellent photocatalytic activity due to the e /h" pairs
effective separations. The O3 are transformed to ‘O3 radicals by the e™ in
the CB, while the H,0 get oxidized by the h" in the VB to form the ‘OH
radicals. The overall degradation of the PFOA was facilitated by the
synergy of the e~ and h™ as highlighted by the eq. (48 — 52) as depicted
in the Fig. 13 (Yang et al., 2021).

Fig. 13. Proposed mechanism of perfluorooctanoic acid degradation by BisO,1/
ZnO heterojunction photocatalyst. Reproduced from (Yang et al., 2021).
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h{, + C;F15CO0°" — C,F15C00" (48)
C,FisCO0" + e/ *OH/0, — C;Fy5 + CO, (49)
C/Fis + *OH — C,Fys0H (50)
C,F150H — C¢Fy3COF + HF (51)
CeF13COF + HyO — CoF;3COOH + HF (52)

4.7.2. Naphthol degradation

Naphthol also called hydroxynaphthalene, is a group of organic
compounds originated from naphthalene, which is an aromatic bicyclic
hydrocarbon widely employed as intermediates to produce industrial
chemical substances such as pigments, dyes, and other important
organic compounds. They are known for the capability to form colored
complexes with metal ions, making them useful for coloring textiles,
plastics, and other materials. The naphthol contained hydroxyl (-OH)
group which is attached to the naphthalene ring (Abdelhameed et al.,
2020). The important ones include 1-naphthol and 2-naphthol which are
isomeric compounds (Nakane et al., 2024). Despite their industrial ap-
plications, they are widely detected in environmental waters. When
present im water at higher concentration, they are highly toxic and
cause various adverse effects to the environment and living organisms
(Nakane et al., 2024). As such, it is crucial to monitor their presence in
and eliminate them from the wastewater.

Photocatalytic degradation played significant role in the naphthol
remediation from the environmental waters. The use of ZnO and its K-
doped composite (K-ZnO) has been reported for the degradation of 2-
naphthol under sunlight illumination (Elmorsi, 2017). According to
the report, the K-ZnO possessed larger BET surface area and higher ef-
ficiency for harnessing the visible light compared to the pristine ZnO.
Thus, and optimum 1-naphthol degradation of 95% was achieved under
the experimental condition of 12 mg/L as the -naphthol initial concen-
tration, 0.5 g/L photocatalyst dosage, pH of 10.5, atmospheric temper-
ature of 37 °C, and illumination time of 70 min. The mechanism of the
degradation process has been investigated which demonstrated the in-
fluence of ‘OH radicals and h' for the pollutant degradation (Elmorsi,
2017). Prior, the degradation of the pollutant was studied by different
metal-oxide nanoparticles including TiO,, WO3, CeO5, CdO, ZnO among
others (Karunakaran et al., 2010). Of the materials studied, only ZnO
was able to achieve 100% degradation of pollutant within 60 min of
visible light illumination. Its degradation efficiency was demonstrated
by achieving 100% degradation during reusability. Thus, it has been
recommended for the degradation of the naphthol (Karunakaran et al.,
2010).

Table S4 summarizes the various findings reported on exploitation
of ZnO nanoparticles and its composites for organic pollutants degra-
dation. The promising performance of the materials towards the
degradation of perfluorooctanoic acid, perfluorooctane sulfonates,
naphthol, benzene, toluene and other organic compounds have been
highlighted.

5. Ecological and environmental risks of nanoparticles

ZnO and ZnO-based nanoparticles have been widely applied in
various technological areas, including medicine, dyeing, agriculture,
energy storage materials, and wastewater treatment (Dejene, 2024).
However, their increased use has raised concerns about their environ-
mental impact. In agricultural applications, ZnO nanomaterials can alter
soil microbial diversity and function. They can inhibit beneficial mi-
croorganisms involved in Nj fixation, organic matter decomposition,
and plant-microbe symbiosis, which can result in detrimental conse-
quences for soil health and crop productivity (Haruna and Yahaya,
2021, Magdy Abdo et al., 2024). Indeed, ZnO can leach into aquatic
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environments through industrial discharge, wastewater, or accidental
release. The nanoparticles generate reactive oxygen species under UV
irradiation, inducing oxidative stress in aquatic organisms. Reports have
shown their toxicity to algae, fish, and invertebrates, leading to cell
damage, reproductive failure, and mortality (Anbarasu et al., 2024,
Mandal et al., 2024). These nanoparticles can also bioaccumulate in
aquatic organisms, potentially entering the food chain. Although zinc is
an essential element, excessive exposure disrupts enzymatic processes
and causes toxic effects in higher trophic levels.

ZnO NPs are prone to aggregation, dissolution, and surface modifi-
cation under environmental conditions. Their transformation into sol-
uble Zn?' ions increase their bioavailability and toxicity. The
interaction of ZnO nanoparticles with organic matter or other pollutants
may result in further environmental risks. The lack of standardized
protocols for assessing nanoparticle toxicity limits the ability to predict
their long-term environmental effects. Their nano-sized properties and
complex behaviors under varying environmental conditions pose sig-
nificant challenges for risk evaluation and regulation (Irede et al., 2024).
Finally, to minimize environmental risks, small quantities of ZnO and
ZnO-based materials should be produced. Safer synthesis methods, such
as green approaches, biodegradable coatings, and recycling strategies,
should also be adopted (Al-darwesh et al., 2024). Ultimately, more
research is needed to develop comprehensive guidelines for the appli-
cation and disposal of ZnO and ZnO-based nanomaterials.

6. The importance of modeling in photocatalytic processes

The application of modeling in photocatalytic degradation and
environmental remediation has significantly advanced our understand-
ing of pollutant removal processes, including kinetic studies, adsorption
isothermal evaluations, etc. For instance, such modeling can demon-
strate the role of adsorption in photocatalytic degradation, which is
crucial for optimizing the removal of contaminants, Furthermore, ma-
chine learning techniques have emerged as powerful tools in this
domain, enabling researchers to predict the effectiveness of photo-
catalytic processes and optimize conditions such as catalyst dosage and
light intensity, thereby enhancing degradation rates through data-
driven approaches. Additionally, computational modeling has been
pivotal in explaining the complex interactions within photocatalytic
systems, employing methods like multiscale modeling to bridge quan-
tum mechanical calculations with kinetic models, ultimately guiding the
design of more efficient photocatalysts and treatment systems. These
advancements underscore the critical role of theoretical frameworks in
facilitating practical applications of photocatalysis in industrial full-
scale plants.

Based on the previous studies, the exploitation of the following items
in studies related to ZnO nanoparticles-based photocatalysts, and their
usage for organic pollutants decomposition and CO conversion, should
be considered:

(i) Langmuir-Hinshelwood (L-H) model: L-H model is widely used to
describe photocatalytic degradation kinetics, providing insights
into reaction mechanisms and key parameters (H.D. Tran et al.,
2023). This model and its modified versions have been applied to
various pollutants and photocatalysts, including ZnO-based
photocatalysts (Kadhim et al., 2023). However, more sophisti-
cated variants of the L-H model have been developed to account
for complex processes such as catalyst excitation, electron-hole
pair recombination, and reactive oxygen species production
(Ateia et al, 2020). For example, in 2022, the
Langmuir-Hinshelwood-Hougen-Watson (LHHW) model has
been used to study the photodegradation properties of
green-synthesized ZnO nanoparticles, considering both adsorp-
tion and reaction steps (Villarreal et al., 2022). These models are
crucial for understanding photocatalytic processes, optimizing
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performance, and designing larger-scale reactors for pollutant

degradation.
(i) Response Surface Methodology (RSM): RSM has emerged as a
powerful tool for optimizing photocatalytic processes involving
ZnO nanoparticles for pollutant degradation CO; conversion.
RSM enables researchers to evaluate the effects of multiple var-
iables simultaneously, such as catalyst dosage, pollutant con-
centration, and pH, on degradation efficiency (Aziri et al., 2024),
helping them to enhance their understanding of parameter in-
teractions affecting photocatalytic activity. Various experimental
designs, including factorial, Doehlert, Box-Behnken, and central
composite designs, have been employed to model and optimize
photocatalytic treatment processes for diverse pollutants
(Hasanpour et al., 2021). Recent studies have applied RSM to
optimize the synthesis and performance of advanced nano-
composite photocatalysts, such as Fe304-SiO2@ZnO, for selective
pollutant degradation. In fact, RSM is valuable in identifying
optimal conditions for maximizing degradation efficiency and
providing predictive models for photocatalytic processes within
specified parameter ranges (Mokhtari et al., 2024).
Kinetic modeling in real-world applications: In real-world appli-
cations, kinetic modeling has been crucial for assessing the
feasibility of photocatalytic systems in treating real wastewaters
or industrial CO2 conversion. For example, a study investigated
the use of Ag/g-C3N4/ZnO/Fe304 for degrading organic con-
taminants in industrial effluents (Raha and Ahmaruzzaman,
2022). In addition of Langmuir-Hinshelwood model, by
employing kinetic models such as pseudo-first-order and
pseudo-second-order kinetics, researchers could accurately
describe the degradation behavior of various organic pollutants
or CO; conversion under light irradiation. Such studies show the
importance of modeling in predicting treatment efficiency and
guiding scale-up processes for practical applications.
Bayesian modeling techniques: These techniques have attracted
much attention in environmental management and decision
support over the past decade. These methods allow for the
incorporation of prior knowledge, experimental data, and un-
certainty quantification in model predictions. Bayesian ap-
proaches have been applied to various environmental challenges,
including water quality analysis, pollution management, and
habitat suitability modeling (Forio et al., 2023). In photocatalytic
processes, Bayesian methods have been used to model the
degradation of water pollutants and optimize operational con-
ditions (Al Haiqi et al., 2020).

(iii)

(iv)

Modeling techniques significantly enhance the researchers’ under-
standing and their ability for optimization of photocatalytic processes
for both pollutant degradation and CO, conversion. Previous studies
show that integrating appropriate modeling techniques can enhance the
robustness of photocatalytic processes, providing valuable insights into
reaction mechanisms and facilitating the development of more efficient
and sustainable pollutant management strategies.

7. Prospects and challenges

The review presents a comprehensive overview of a promising area
of research with significant implications for environmental sustainabil-
ity. The article’s structure, encompassing the synthesis, modification,
and applications of ZnO and ZnO-based nanoparticles, is quite logical
and well-defined. Nonetheless, it acknowledges there are existing chal-
lenges to consider and suggests future research directions needed to be
explored. However, the review holds significant prospects due to its
focus on a critical area of research. This includes the following
potentials-
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i. Fill a Knowledge Gap: Provide a comprehensive and up-to-date
overview of green synthesis techniques, modification strategies,
and applications of ZnO nanoparticles for CO5 conversion and
organic pollutant degradation. In addition, the review highlight
areas where further research is needed to optimize the perfor-
mance and practical application of ZnO nanoparticles.

ii. Addressing Global Challenges: The review directly contributes
to finding solutions for climate change involving CO5 conversion
and degradation of organic pollutants.
Promoting Sustainability: By emphasizing green synthesis
methods, the review aligns with the growing demand for envi-
ronmentally friendly technologies. This would contribute to the
development of environmentally friendly and cost-effective
technologies for addressing global challenges such as climate
change and water pollution.

Advance Scientific Understanding: Deepens the understanding

of the underlying mechanisms involved in CO, conversion and

organic pollutant degradation processes using ZnO-based
materials.

v. Driving Innovation: The exploration of ZnO nanoparticle mod-

ifications can inspire new approaches for enhancing catalytic

performance and expanding applications.

Policy and Industry: The review can provide valuable insights

for policymakers and industry stakeholders to develop supportive

regulations and invest in related research. This could go a long
way in developing sustainable policies and evidence-based
guided investment towards development of the field.

iii.

iv.

Vi.

The field of ZnO nanoparticles is interesting and promising, however,
the review encountered the following challenges:
General perspectives of ZnO nanoparticles

i. Terminology and Standardization: Inconsistencies in termi-
nology and experimental methodologies across different studies
can hinder data comparison and analysis.

ii. Defining "Green Synthesis": Establishing clear criteria for what

constitutes "green synthesis" can be controversial since remains

subjective.

Photocatalytic Activity: In-depth research is required on the

challenges associated with CO5 conversion and organic pollutant

degradation using ZnO-based nanomaterials, such as low solar
light utilization and catalyst stability that still defy its scalable
applications.

iii.

Modifications of ZnO Nanoparticles

i. Intricacy of Modification Techniques: The diverse range of
modification techniques (bimetallic, carbon-based, organic
polymers) introduces complexity in comparing and evaluating
their effectiveness.

ii. Synergistic Effects: Understanding the interplay between ZnO

and different modifiers to achieve optimal performance requires

intricate analysis.

Characterization Challenges: Characterizing the structure and

properties of modified ZnO nanoparticles remains technically

demanding and resource intensive.

iii.

CO; Conversion and Organic Pollutants Degradation

i. Mechanism Complexity: Elucidating the precise mechanisms
involved in COy conversion and organic pollutant degradation
using ZnO nanoparticles is often challenging due to the intricate
reaction pathways.

ii. Performance Metrics: Establishing reliable and comparable
performance metrics for different studies remain difficult due to
varying experimental conditions and evaluation criteria.
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iii. Scale-Up Challenges: Bridging the gap between laboratory-scale
experiments and industrial-scale applications poses significant
hurdles in terms of process optimization and economic feasibility.
iv. Environmental Impact: Assessing the potential environmental

impact of ZnO nanoparticles and their modifications requires

careful consideration of factors such as toxicity, bioaccumulation,

and fate in the environment.
v. Comparative Analysis: Comparing the performance of ZnO-
based catalysts for different pollutant types is quite challenging
due to variations in experimental conditions and evaluation
criteria.
Regulatory Hurdles: Navigating the complex regulatory land-
scape for nanomaterials remains time-consuming and may hinder
the commercialization of ZnO-based technologies.

vi.

Overall Challenges

i. Data Heterogeneity: The vast amount of research on ZnO
nanoparticles leads to inconsistencies in experimental conditions,
making data comparison and analysis difficult.

ii. Mechanism Complexity: Understanding the exact mechanisms

involved in CO conversion and organic pollutant degradation by

ZnO nanoparticles is complex and requires further investigation.

Scalability and Cost-Effectiveness: Translating laboratory-

scale findings to industrial-scale applications faces challenges

related to scalability and cost-effectiveness.

iv. Environmental Impact: Although focusing on green synthesis,
further studies should also consider the potential environmental
impact of ZnO nanoparticles and their modifications.

v. Regulatory Framework: The development and commercializa-
tion of ZnO-based technologies has been continuously hindered
by the lack of clear regulatory frameworks.

iii.

Future directions

i. In-depth Mechanism Exploration: Further studies should
explore deeply into the mechanisms of CO» conversion and
organic pollutant degradation, providing clear explanations and
visual representations for practical optimization and scalability.

ii. Comparative Analysis: A comparative analysis of different ZnO

modification strategies based on performance metrics would

enhance and deepen understanding of the performance of ZnO
nanoparticles.

Economic and Environmental Assessment: Incorporating

economic and environmental impact assessments of ZnO-based

technologies would provide a holistic perspective.

iii.

6. Conclusion

This review has comprehensively explored the multifaceted land-
scape of ZnO nanoparticles, encompassing their green synthesis, diverse
modifications, and catalytic applications in CO, conversion and organic
pollutant degradation. The unique properties of ZnO, including its large
bandgap, excellent electron mobility, and biocompatibility, have
rendered it a promising candidate for addressing pressing environmental
challenges.

Green synthesis methodologies, utilizing biological entities, have
emerged as sustainable alternatives to conventional chemical methods
for ZnO nanoparticle production. These approaches not only minimize
the environmental footprint but also impart specific functionalities to
the synthesized nanoparticles. Moreover, the modification of ZnO with
various materials, such as metals, carbon-based structures, and organic
polymers, has proven to be an effective strategy for augmenting its
catalytic performance. Thus, the potential of ZnO and its derivatives for
CO4 conversion into valuable chemicals is evident. While challenges
related to selectivity and energy efficiency persist, advancements in
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perceiving underlying mechanisms and the development of novel cata-
lyst designs hold promise for future discoveries.

In the context of organic pollutant degradation, ZnO-based photo-
catalysts have demonstrated remarkable efficacy in removing an ample
range of contaminants from water and air. The capability of ZnO to build
reactive oxygen species underneath light irradiation facilitates the
mineralization of recalcitrant pollutants, including dyes, pharmaceuti-
cals, phenols, pesticides, herbicides, PAHs, and PFAS. However, factors
such as catalyst stability, reusability, and the formation of potentially
harmful intermediates require careful consideration.

In conclusion, ZnO nanoparticles represent a versatile platform for
developing sustainable solutions to environmental challenges. Contin-
uous research and developing efforts are essential to optimize their
performance, address scalability issues, and ensure their safe and
effective implementation. By combining green synthesis that curtail the
use of chemicals, innovative modifications of the ZnO nanoparticles for
the composites formation significantly help in tuning the optical fea-
tures, band gap of the material and enhancing its intrinsic properties for
the target applications. Through deep understanding of the catalytic
mechanisms, the full potential of ZnO nanoparticles can be harnessed for
a cleaner and healthier environment, particularly in the real-world
systems of sustainable environmental remediation and practical imple-
mentation of CO2 conversion for the fuels generation.
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