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Abstract

ZnO nanoparticles are effective photocatalysts for the degradation of organic pollutants; however, there are gaps of
knowledge about the effects of their morphology, microstructure, doping elements, and estimation of photocatalytic per-
formance. Accordingly, the effects of morphology, microstructure, and elemental doping are reviewed first. Notably, ZnO
microstructure is an important parameter influencing its photocatalytic performance. Specifically, the wurtzite phase,
which is the most stable phase of ZnO, has been widely utilized in photocatalytic applications. However, the rocksalt
phase of ZnO, a metastable phase, could exhibit higher photocatalytic activity than both wurtzite ZnO and anatase TiO,. In
addition to the review study, robust machine learning algorithms, including coupled simulated annealing-least square sup-
port vector machine, decision tree-particle swarm optimization, random forest- particle swarm optimization, and extreme
gradient boosting-particle swarm optimization, were used to predict the photodegradation yield of various pollutants.
The prediction is based on various parameters, including the molecular weight of the pollutants and dopants, topological
polar surface area, hydrogen bond donor count, hydrogen bond acceptor count of the pollutants, initial concentration of
pollutant, solution pH, light source, weight ratio of doping element to Zn, dosage of catalyst, and reaction time, using
ZnO-based photocatalysts. A comprehensive dataset of 1176 entries was gathered from 22 different sources. To the best
of our knowledge, for the first time in the field of photocatalysis, a web-based model using extreme gradient boosting-
particle swarm optimization method has been developed in Python. This model can be easily accessed online to predict
the photodegradation efficiency of various pollutants using ZnO-based photocatalysts.
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1 Introduction

Environmental pollution and water shortage are two main

. global issues nowadays [1]. The application of semicon-
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ductor materials for organic pollutant degradation has rap-
idly attracted attention, due to the increased concern over
the environmental issues [2]. Wastewater treatment pro-
cesses are classified into physical, biological and chemi-
cal methods [3]. Notably, various methods like adsorption,
separation, ozonation, clotting, chlorination, and chemical
deposition are used for the treatment of industrial wastewa-
ters [1], and each method has its own advantages and limi-
tations. Physical treatments are usually considered phase
changing technologies where pollutants are transferred from
one phase to another [4], therefore, pollutant degradation

@ Springer


https://doi.org/10.1007/s42114-026-01674-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s42114-026-01674-1&domain=pdf&date_stamp=2026-3-11

159 Page 2 of 38

Advanced Composites and Hybrid Materials (2026) 9:159

is still required [5]. Unlike physical methods, biological
processes are capable of degrading organic wastes, but
pH, temperature, and aeration for microbes should be opti-
mized [5]. Although traditional biological processes are still
used for the removal of pollutants, complete eradication of
contaminants cannot be obtained using these methods [5].
Notably, treating large amount of organic matters with bio-
logical processes is relatively slow and difficult at low pH
conditions [5]. It is well established that advanced oxidation
processes (AOPs) have been successfully applied for indus-
trial wastewater treatment [3, 6]. AOPs, which can enable
bridging the gap between biological methods and common
physicochemical processes, are considered one of the most
efficient and appealing options for pollutant removal [5].
Noteworthily, they have been used for the elimination of
pollutants from water [7]. Compared with custom treatment
processes, sulfate and hydroxyl radicals, which could be
produced by various AOPs, are the primary oxidants, result-
ing in the superiority of AOPs [8]. In general, heterogeneous
and homogenous processes are considered two different
types of AOPs [9]. Ozone oxidation, Fenton oxidation, elec-
trochemical oxidation, photolysis, photocatalysis, sonoly-
sis, and radiation are among different types of AOPs [7].
Solar energy is used for various applications like CO, pho-
toreduction, decomposition of organic pollutants, nitrogen
photo-fixation, photocatalytic water splitting, and photovol-
taic technologies [10]. Semiconductor photocatalysis tech-
nology is considered an environmentally-friendly process
that can take advantages of strong oxidation capacity and
mild working conditions, introducing it as a potential alter-
native to traditional disinfection processes [11]. Moreover,
it has been considered a promising strategy to convert photo
energy into chemical energy [12, 13], where solar energy
conversion using mild-light driven chemical reactions is of
high importance to develop sustainable and green energy
supply [14]. Production of photocatalysts with fine grains
and high specific surface area could be considered the core
of photocatalysis technology [15]. Despite several advan-
tages of photocatalysis technology, photocatalysts could
suffer from their low efficiency, high cost, and complexity
[11]. An ideal photocatalyst requires features such as stabil-
ity [16], strong solar light absorption [16, 17], and suitable
redox potentials [16, 17]. Numerous metal oxides, includ-
ing ZnO [18-21], TiO, [19, 21-24], CuO [25], Cu,0 [26],
Fe,04[27, 28], ZrO, [29, 30], WO, [31-34], and SnO, [35],
have been studied for photocatalytic applications, in addi-
tion to polymeric materials like g-C;N, [36]. Due to their
high efficiency, as well as technical and commercial aspects,
TiO, and ZnO are the most commonly used semiconductors
for dye degradation [37]. Owing to its high oxidation capac-
ity and chemical stability, low toxicity, tunable size, and
simple preparation, n-type ZnO is considered an effective
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photocatalyst for decomposition of organic contaminants
[38]. In addition, it shows long-term photo-stability [39].
After iron oxide, ZnO is considered the most plentiful metal
oxide [40]. Notably, ZnO has found numerous applications
in UV detection, solar panels, ultraviolet resistant materials,
fluorescent materials, light emitting diodes (LEDs), disin-
fection, targeted vectors, battery anodes, reinforcement (for
resin composites, cement, and rubber), image recording, gas
sensors, surface acoustic wave devices, varistors, superca-
pacitors, anti-wear and friction-reducing agents, antioxidant
materials, and photocatalysis [41]. Overall, ZnO, with its
wide direct band gap energy, is regarded as the second most
widely used photocatalyst [42]. ZnO-based photocatalysts
have been used for the degradation of numerous pollutants,
including Orange G [43], Norfloxacin [44], Methylene Blue
[45-51], Phenol [52, 53], Benzoic Acid [52], Methyl Orange
[48, 54-56], Congo Red [48, 56], Rhodamine B [48], Mala-
chite Green [57], Rose Bengal [51, 58], Bromocresol Green
[51], Direct Black 38 [56], 2-Chlorophenol [59], Dichlorvos
[60], Diazinon [61], Reactive Black 5 [62], Reactive Orange
4 [62], 2,4-Dichlorophenol [63], and Monocrotophos [64].
The widespread applications of ZnO are illustrated in Fig. 1.

A number of process parameters including the pollutant
concentration, oxidizing agent, reaction temperature, photo-
catalyst concentration, light intensity, and pH of the solution
have a substantial impact on the efficient photodegradation
of organic pollutants in wastewater [45, 65, 66], and numer-
ous studies have been conducted to determine the optimum
circumstances of these parameters that allow for the organic
pollutant photodegradation. For example, Sohrabi et al. [67]
reported that the dose of the photocatalyst, phenol concen-
tration, and contact time showed a significant influence on
the photodegradation of phenol by Cu-doped TiO,. After
the process parameters optimization by response surface
approach, phenol degradation efficiency reached 52.2% at
optimum conditions of 158.75 mg L ™! of phenol, 0.52 g L™!
of photocatalyst and 179.50 min of reaction time. Another
study reported that the oxidant concentration, initial phe-
nol concentration, and photocatalyst loading influenced the
usage of TiO,/GAC photocatalyst for degradation of phenol
in wastewater [68]. Using response surface methodology
to optimize the process, 95.5% of phenol in the wastewa-
ter was degraded under optimum circumstances (326.90 mg
L' for H,0, concentration, 34.44 mg L™ of initial phenol
concentration). According to Chen et al. [69], Abdullah et
al. [70], and Liu et al. [71], process parameter optimization
can reveal the maximum degradation of different organic
pollutants. However, there is a complex non-linear relation-
ship among the process variables and their corresponding
output in a real-life scenario (in a real-world setting). Exper-
imental design cannot be used to study and investigate these
complex non-linear relationships [72]. A powerful machine
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Fig. 1 Applications of ZnO in dif-
ferent technologies and industries
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learning (ML) method for modeling the complex non-linear
relationship among the process variables and their outputs is
Artificial Neural Networks (ANN), which is less expensive,
time-efficient, and rigorous than an experimental design
[72]. Oladipo et al. [73] reported modeling and estimating
degradation of organophosphorus pesticides in a binary and
single system by using ANN.

ML algorithms are progressively used to improve waste
management and support sustainable development since they
are good at representing complex nonlinear processes [74,
75]. Large datasets can be processed by these algorithms,
which can also discover previously hidden patterns and
discernible relationships through conventional analytical
techniques. Predictive models for wastewater treatment and
waste management have frequently been developed using
machine learning algorithms such as decision trees, sup-
port vector machines, artificial neural networks, and genetic
algorithms [76—80]. Historical data on the performance of

catalysts as well as other relevant variables like pH, tem-
perature and pollutants concentration are used to train these
models [76, 81-85]. Once trained, these models can pre-
cisely forecast how well organic pollutants would degrade
catalytically, enabling engineers and researchers to optimize
the design and selection of catalysts for effective treatment
of wastewater [86—88].

There are several advantages by integrating ML algo-
rithms with wastewater treatment procedures [89]. It could
increase the effectiveness and overall efficiency of the
treatment method, resulting in high rates of contaminant
degradation. Additionally, ML algorithms can be applied
to optimize wastewater treatment plant performance, and
reduce operating expenses and energy consumption [90].
Furthermore, ML algorithms can offer insightful infor-
mation on the dynamics and behavior of wastewater,
facilitating improved waste management strategies and
decision-making [91-96]. By supporting the adoption and
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implementation of environmentally appropriate wastewa-
ter treatment practices, this combination also contributes to
the advancement of ecological conservation [97]. ML algo-
rithms can help to identify the best triggers, optimize their
performance and reduce the impact of organic pollutants
on the environment [85, 98—100]. ML approaches enable
researchers to optimize and enhance photocatalytic degra-
dation processes by using computational power to evaluate
and analyze complicated data, making predictions and iden-
tifying patterns [97]. Consequently, ML approaches have
been widely used in the field of photocatalysis. For instance,
ML has been employed to accelerate the screening of effec-
tive metal oxides for photocatalytic water splitting [101].
In addition, Masood et al. [102] used ML to accelerate the
discovery of solar photocatalysts. Moreover, chemical hard-
ness-driven, interpretable ML algorithms were employed
to identify the photocatalysts quickly [103]. Furthermore,
Wang et al. [104] studied ML-assisted computational meth-
ods to screen 2D materials for photocatalytic water splitting.
Wen et al. [105] studied the application of ML algorithms in
designing single-atom catalysts, while Mai et al. [106] used
ML for the quick design of photocatalysts based on Mn;0,.
More specifically, ML models have found numerous appli-
cations in photocatalysis using various semiconductors
(bare, doped, or composite) including TiO, [107, 108], ZnO
[109-111], BiVO, [112], and g-C;N, [113—-115]. It is note-
worthy that, in addition to photocatalysis, ML models have\
been applied to the design of metal oxide photoanodes for
photoelectrochemical water splitting [116].

This article reviews the potential of ZnO semiconductor
in photocatalytic applications with respect to its morphology
and microstructure. In addition, it clarifies the capability of
ML algorithms to predict the elimination of different types
of organic pollutants under light irradiation using this prom-
inent photocatalyst. In this study, ML algorithms of coupled
simulated annealing-least square support vector machine
(CSA-LSSVM), decision tree-particle swarm optimization
(DT-PSO), random forest- particle swarm optimization (RF-
PSO), and extreme gradient boosting-particle swarm opti-
mization (XGB-PSO) were used to accurately estimate the
removal of various pollutants using a ZnO photocatalyst,
based on input parameters. The input parameters consid-
ered include the molecular weight (MW) of the pollutants
and dopants (g/mol), topological polar surface area (TPSA,
A2), hydrogen bond donor count (HBDC), hydrogen bond
acceptor count (HBAC) of the pollutants, initial concentra-
tion of pollutant (C,, mg L), solution pH, light source (UV
or visible), weight ratio of doping element to Zn (Dopant/
Zn), dosage of catalyst (mg L"), and reaction time (min). A
user-friendly web-based application was developed that can
be easily accessed online to predict the degradation of dif-
ferent pollutants using ZnO-based photocatalysts.

@ Springer

2 ZnO properties

It should be noted that large-scale water treatment using
TiO, is not economical, whereas ZnO, with its lower price
compared to TiO,, could be considered a substantial alterna-
tive [117]. However, on the downside, photocorrosion under
UV irradiation, resulted by the hybrid effect [118], and dis-
solution at high pH are among the drawbacks of ZnO [119].
Notably, TiO, and ZnO have comparable band gap energies
[120]. Nevertheless, ZnO shows higher photo-absorption
ability across a larger fraction of the solar spectrum [121].
In addition, ZnO possesses a higher electron mobility (200—
300 cm® V™! s71) than TiO, (0.1-4.0.1.0 cm? V! s71) [42].
ZnO, with its sufficient positive VB potential, is among
promising semiconductors for photodegradation of organic
pollutants via production of hydroxyl radicals [122]. Nota-
bly, commercial ZnO powder presented a higher photo-
catalytic activity than Degussa P25 TiO, for Acid Blue 14
degradation under solar light [123]. The main factors affect-
ing the photocatalytic activity of ZnO-based photocatalysts
are presented in Fig. 2. The features of ZnO are provided in
detail in the following section.

Although the most common natural form of zinc is
zinc sulfide (ZnS), ZnO is one of the most widely studied
compounds in the experimental and computational mate-
rial science [124]. Due to its direct wide band gap energy,
approximately 3.3 eV at 300 K, zinc oxide is of high inter-
est for optoelectronics applications. It has some applications
in common with GaN which is a semiconductor with wide
band gap energy of around 3.4 eV at 300 K. Notably, GaN
is commonly used in the construction of green, white, and
blue-ultraviolet light-emitting devices [125]. On the upside,
its large exciton biding energy and the availability of bulk
single crystals with high quality, have discriminated ZnO
from GaN [125]. Pure ZnO is rarely observed in nature (as
the mineral zincate), whereas ZnS is very common and gen-
erally appears as the mineral sphalerite [124]. Zinc oxide
is odorless, insoluble in water, and has a bitter taste [126].
Notably, zinc oxide nanoparticles have attracted remark-
able interest in different biomedical applications includ-
ing antimicrobial, antibacterial, anticancer, antidiabetic,
antioxidant, and anti-inflammatory activities [127]. They
have also found applications in bioimaging, wound healing,
food additives, and drug delivery [127]. It is considered that
zinc oxide nanoparticles, below 100 nm, are relatively bio-
compatible [127, 128], bio-safe [128], and nontoxic [128].
Because of its promising features, such as wide and direct
band gap energy, high photocatalytic performance, high
free-exciton binding energy, and high oxidation capability,
zinc oxide has received remarkable attention for photocata-
lytic purposes [126]. Moreover, it takes advantage of facile
synthesis [129], facile doping processes [130], chemical and
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Fig. 2 Main parameters affecting
the photocatalytic performance of
ZnO-based photocatalysts
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thermal stability [131], cost effectiveness [129], and non-
hazardous nature [129]. However, lack of control over its
electrical conductivity has resulted in the limited applica-
tions as a promising photoelectrode [126].

2.1 ZnO crystal structures

Zinc oxide can form three distinct crystal structures: wurtzite
(hexagonal), zinc blende (cubic), and rocksalt (cubic) [126,
132]. Polarization force is among the main factors that could
affect the crystal growth of zinc oxide during its synthesis
[133]. In wurtzite ZnO, each Zn or O possesses four near-
est neighbors [134]. Compared to the pristine rocksalt and
zinc blende phases, wurtzite is the most stable phase of zinc
oxide and the most often utilized polymorph for photocata-
lytic applications, benefiting from its simple manufacturing
process [135]. Owing to its P6;mc space group, it possesses
a lack of center of inversion symmetry that offers piezoelec-
tricity in zinc oxide [134]. In some instances, wurtzite zinc
oxide has demonstrated greater photocatalytic activity than
TiO, [136-139]. However, the metastable phases of ZnO
could be intriguing due to their unpredictable physical and
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chemical characteristics [135]. Thus, the photocatalytic
properties of its metastable polymorphs are worth studying.

Notably, rocksalt ZnO should be synthesized at relatively
high pressures; therefore, this polymorph is quite rare [126].
In rocksalt ZnO, each Zn or O possess six nearest neighbors
[134]. The volume of rocksalt ZnO phase (B1) is about 18%
smaller than that of wurtzite ZnO phase (B4) at ambient
condition [140]. Besides, the band gap energy of rocksalt
ZnO (1.2-2.6 eV) is lower than that of wurtzite ZnO [141].
The equilibrium transition pressure of the transformation of
wurtzite ZnO to rocksalt ZnO is around 6 GPa [142, 143].
Notably, the transition pressure is dependent on both grain
size and temperature [ 144]. Koster et al. [ 145] stated that the
surface energy of rocksalt ZnO phase, 0.63 Jm™2, is remark-
ably lower than that of zinc blend and wurtzite ZnO phases.
They suggested that pure rocksalt ZnO phase could be sta-
ble in nanocrystals smaller than 1.6 nm. It has been shown
that the addition of Mg can significantly enhance the range
of stability of rocksalt ZnO phase [145]. It should be noted
that metastable rocksalt Me"O-ZnO solid solutions (Me'' =
Co?", Fe*", Ni2", Mn?", and Mg?") with high content of ZnO
(up to 0.8 molar fraction) could be recovered from 7 GPa
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and 1400-1600 K owing to the stabilization effect of foreign
cations. Due to the effect of grain size, using nanocrystal-
line wurtzite ZnO to synthesize rocksalt ZnO, necessitates
the use of high pressures [144]. Surface energy discrepancy,
ratio of volume collapse, and internal energy discrepancy
could affect the transition pressure at nanocrystals (though
at varying degrees), where Jiang et al. [146] showed that a
high pressure of 15.1 GPa is required for the transformation
of wurtzite ZnO to rocksalt ZnO, which has been mainly
attributed to the remarkable contribution of surface energy.
The reverse transition of microcrystalline rocksalt ZnO to
wurtzite ZnO could occur at 2 GPa under decompression
at room temperature that makes it impossible to maintain
single phase of rocksalt ZnO [144].

Rocksalt ZnO is a metastable phase at ambient condition
[135, 147, 148], and its photocatalytic activity has not been
widely studied. High-Pressure Torsion (HPT) technique
was employed by Razavi-Khosroshahi et al. [141] to create
nanostructured rocksalt ZnO with a high density of oxygen
vacancies. Phase diagram of ZnO, schematic image of HPT,
and XRD patterns of samples (before and after HPT) are
shown in Figs. 3(a)—3(c). They concluded that the synthe-
sized nanostructured rocksalt ZnO could be stable at ambi-
ent conditions even after 220 days, signifying the potential
of using simultaneous pressure and strain for stabilization
of this phase. The use of HPT technique could not only
introduce rocksalt phase, but also create oxygen vacancies,
as confirmed by the Raman spectra (Fig. 3(d)). Electron

Fig. 3 (a) ZnO phase diagram,

.. (a) 10
(b) schematic image of HPT,

(¢) XRD of samples (before and
after HPT), (d) Raman spectra of

ZnO (before and after HPT), (e)

Rocksalt-ZnO
Cubic

Pressure (GPa)
-2

(b) ‘ Pressure

ﬁrocessed
—.— Sample

Anvils<

EPR spectra of ZnO (before and . '

after HPT), (f) DRS spectra of ¢ l‘-ﬁ :::;ﬁ:l i Yo il >

ZnO (before and after HPT), (g) 2 ,? o?

Calculation of band gap energies . e

using Kubelka—Munk theory, and oo 500 1000 1500 2660 2500

(h) photocatalytic activity of ZnO Temperature (°C) ' Pressure

(before and after HPT) for RhB

degradation under visible light (C) Nano ZnO Wurtzite (d) Nano ZnO Wurtzite

(AC=amount of degradation of 2| HPT:N=3,T=25°C [M] 2 HPT:N=3,T=25°C Oxygen

RhB, C,=initial concentration, g 00% © o oomo o ale o o ? ¢ | Vacancy

N=turns of rotation of the lower £ 1 7 b Y % ‘

anvil versus the upper one). 2 A 2 A A« B=6GPa 3|~~~ "IN ~\_P=6GPs

Reproduced with permission -% ~~~~~~ ANA—SNINA N . ﬁ , i

from Ref. [141]. Copyright 2017 £ . g

Royal Society of Chemistry (h ] 5 /\_/\_//L,_PM
z

ttps://doi.org/10.1039/C7TA0S

262F)

20 30 40 50 60
Bragg Angle, 20 (deg.)

70 8o 200 300 400 500 600 700 800

Raman Shift, Ao (cm'1)

€ [0 — Nanozno | |(f) T B L
-  HPT:N=3,T=25°C 1.0 Nano ZnO
3 /| g=1.960 g HPT:N=3,T=25°C
e *:-,—vkﬁ_v,\y»:,,"«p.,\@‘,..-. | - e S
2 — o7k — jam— 6 GPa s \\
@ | 95T 6 \P=6GPa
v 7] e —
[ 2 4
t P=3GPa <
— -
& |J1000 a.u. £ P=3GPa
w Powder -1 Powder
308 312 316 320 324 328 %300 400 500 600 700 800
Magnetic Field, B (mT) Wavelength (nm)
(g) 28 Nano ZnO (h) _7F""Nanozno ™ i
R = A B . - - o
« 20/ HPT:N=3,T=25°C "EG“PT-N-,%T-?S c P=6 GPa
= E .| UnderVisible Light . A a2
E g 5 A&
= 15 o =4
d o 3
e 10 = )
o
K 0.5 S 4
; ; Powder N v
15 20 25 3.0 3.5 0 300 600 900 1200

Photon Energy, hv(eV)

Time (min)

@ Springer


https://doi.org/10.1039/C7TA05262F
https://doi.org/10.1039/C7TA05262F
https://doi.org/10.1039/C7TA05262F

Advanced Composites and Hybrid Materials (2026) 9:159

Page 70of 38 159

Paramagnetic Resonance (EPR) spectra of samples (before
and after HPT) are compared in Fig. 3(e). Notably, unlike
ZnO powder, two major g values of 1.960 and 1.997 were
observed for the HPT-processed samples. Despite the uncer-
tainty for the origin of the g value of 1.960, that of 1.997 is
usually devoted to the presence of oxygen vacancies [141].
Photo-absorption ability of the initial wurtzite ZnO and the
samples processed by HPT method under the pressures of 3
and 6 GPa are shown in Fig. 3(f). With its high concentration
of oxygen vacancies, it is evident that the sample treated at
6 GPa exhibited higher light-harvesting efficiency than the
other samples. The comparison of the band gap energies for
the samples is shown in Fig. 3(g). Sample treatment under
the pressure of 6 GPa exhibited the minimum band gap
energy that could be originated from the high concentra-
tion of oxygen vacancies and formation of the rocksalt ZnO
phase. Figure 3(h) compares the photocatalytic activity of
the samples for Rhodamine B (RhB) degradation under vis-
ible light irradiation. The sample processed at 6 GPa exhib-
ited the highest efficiency because of its high potential for
light harvesting, the creation of the rocksalt ZnO phase, and
the formation of oxygen vacancies. The rocksalt ZnO also
showed higher photocatalytic activity than anatase TiO, and
wurtzite ZnO. Overall, the stabilization of the rocksalt ZnO
phase at ambient conditions using the HPT method, without
the assistance of elemental doping, offers a potential plastic
strain-induced pathway to remarkably narrow the wide band
gap energy of pure ZnO, reaching as low as 1.8 eV, thereby
enabling visible-light photocatalysis. Importantly, both the
formation of the rocksalt phase and the presence of oxygen
vacancies are responsible for the significant reduction in
the band gap energy of ZnO samples processed by the HPT
method [141].

Shundo et al. [149] stabilized oxygen vacancy-rich high-
pressure ZnO rocksalt phase using an HPT method (300K, 6
GPa) for photocatalytic production of H,. The simultaneous
effects of rocksalt phase and oxygen vacancies significantly
increased photocatalytic H, production, due to active sites
for photocatalysis and increasing light absorbance, clarify-
ing the potential of high-pressure phases for photocatalytic
H, production. Figure 4(a-e) shows TEM HR images of
starting material (ZnO wurtzite nanopowder) and samples
treated by the HPT method with 1/16, 1/4, 1, and 4 rotations,
where the copresence of rocksalt and wurtzite ZnO phases
was observed after severe HPT processing. The improved
photocatalytic H, production of the sample prepared by the
severe HPT treatment is shown in Fig. 4(f). XPS spectra of
Zn 2p, and O 1s along with peak deconvolution are shown
in Figs. 4(g) and 4(h), respectively. As evident, there is not
any significant changes in the XPS spectra of Zn 2p before
and after HPT treatment, but the XPS spectra of O 15 obvi-
ously changes, where an increase in shoulder intensity at

a higher energy level could signify an increase in the frac-
tion of oxygen vacancy. Overall, the high-pressure phase of
ZnO (i.e., the rocksalt phase), stabilized by the HPT method
with the simultaneous introduction of oxygen vacancies, is
considered very promising for improving the photocatalytic
activity of ZnO (under ambient pressure) to levels compa-
rable to that of P25 TiO,, without adversely effecting charge
carrier recombination [149].

The zinc blende ZnO crystal structure could be stabilized
only when grown on cubic substrates [125]. Cubic zinc
blende ZnO which has very similar physical properties and a
close band gap energy to wurtzite ZnO could cover the same
applications [150]. In general, zinc blende materials are
completely covalent [134]. In zinc blende ZnO, each Zn or
O possesses four nearest neighbors [134]. The total energy
of zinc blende ZnO is higher than that of wurtzite ZnO by
50 meV, signifying the possibility of creating metastable
zinc blende ZnO [134]. Zinc blende structure has higher
crystallographic symmetry and lower ionicity, and is thus
expected to have lower carrier scattering and higher dop-
ing efficiency [134]. Although various methods were used
to synthesize pristine zinc blende ZnO, phase mixing is a
strategy to improve the activity of a photocatalyst nanopar-
ticle under visible light [135]. The band gap energy of ZnO
phases ranged between 3.19 eV and 3.27 eV for zinc blend
and wurtzite phases, respectively, restricting the applica-
tion of ZnO when exposed to visible light [135]. Rajbong-
shi et al. [135] indicated the higher photocatalytic activity
of biphasic Co-doped ZnO (with wurtzite and zincblende
phases) than those of monophasic wurtzite ZnO (Co-doped
and undoped) for the methylene blue and phenol degrada-
tion in the presence of visible light irradiation.

2.2 ZnO nanostructures and their photocatalytic
applications

Nanostructures are highly important for photocatalytic
purposes and are generally divided into three-dimensional
(3D), two-dimensional (2D), one-dimensional (1D) and
zero-dimensional (0D) nanostructures [151]. These major
morphologies could be subdivided into ordered, planar,
elongated, and quantum dot arrays, respectively [151]. In
0D nanostructures, all dimensions (x, y and z) are less than
100 nm and tunable optical properties and surface reactiv-
ity could be achieved using these materials [152]. Nanopar-
ticles [153], nanospheres [154], quantum dots [153, 155],
and fullerenes [153] are classified as 0D nanostructures. In
1D nanostructures, the dimensions in the x and y directions
are less than 100 nm and unique electrical and mechani-
cal properties could be offered using these materials [152].
Nanorods [153], nanofibers [153], nanowires [153, 156],
nanotubes [153], nanohorns [153], and nanopillars [157]
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Fig.4 TEM high-resolution images
of (a) starting material and samples
processed by HPT with (b) N=1/16, (¢)

N=1/4, (d) N=1, and (e) N=4 rotations.

(f) Photocatalytic generation of H, per
surface area of the starting powder and
the samples processed by HPT with
N=1/16,1/4, 1, 2, 4, and 8 rotations
(under irradiation of Xe lamp). (g) XPS
spectra of Zn 2p and (h) XPS spectra
of O 15 along with peak deconvolution
for ZnO samples before and after the
HPT process. Reproduced with permis-
sion from Ref. [149]. Copyright 2024
Elsevier
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are classified as 1D nanostructures. A detailed review on 1D
ZnO nanomaterials for photocatalysis is described [158].
In 2D nanostructures, only one dimension is less than 100
nm and exceptional mechanical strength and electrical con-
ductivity could be introduced using these materials, such
as graphene [152]. Nanosheets [153] and nanoplates [154]
are classified as 2D nanostructures. In 3D nanostructures,
all dimensions exceed 100 nm [152]. These nanomateri-
als exhibit hierarchical nanostructures that incorporate 0D,
1D and 2D architectures, enabling growth in all directions
and leading to the development of multifunctional materi-
als [152]. Notably, the method of preparation could highly
affect the crystal structure of ZnO (cubic/hexagonal) and its
morphology (nanotubes, nanobelts, nanorods, nanowires,
disks, and flower-like) [159]. ZnO nanostructures have been
synthesized in various architectures, ranging from 0D to
3D [152]. Nanoflowers, with several layers of petals and a
structure resembling a plant flower on nm scale, are a type
of tiny particles that provides a small structure with a large
surface area. Effective charge transfer and high surface-to-
volume ratios can lead to high surface reaction efficiency in
the 3D structures such as nanoflowers [160]. Additionally,
during photocatalysis, reduced nanoparticle agglomeration
could occur [161]. Furthermore, compared to 0D and 1D
nanostructures, 3D nanostructures could achieve improved
photo-absorption ability. For instance, nanostar-like ZnO
structures exhibited higher efficiency than ZnO nanorods
and nanoparticles for MB degradation, owing to their
improved photo-absorption ability (resulting from repeated
photon scattering through the branches) and a higher num-
ber of active sites [162].

Mourya et al. [163] synthesized 3D hierarchical ZnO
nanostructures with different morphologies (hollow spheres
made up of nanowalls, nanospindles, nanoleaves, nanotet-
rapods, agglomerates of nanobuds, nanorods, nanocoral
reefs, nanoflowers, and porous nanoflakes) for RhB pho-
todegradation under UV irradiation. SEM images of the
synthesized ZnO nanostructures with various morpholo-
gies (obtained using different zinc precursors, templates,
and bases under microwave irradiation) and the photocata-
lytic activities of the calcined Z1-Z11 samples are shown
in Fig. 5. Among these, ZnO with a nanotetrapod mor-
phology (Z9) exhibited the highest photocatalytic activ-
ity (~99% in 100 min), whereas ZnO with a nanoflower
morphology (Z3) decomposed approximately 83% of RhB
within the same timeframe. Their findings demonstrated the
crucial role of using a strong base (i.e., KOH) in combi-
nation with CTAB (as a template) to develop the tapered
rod structure when using ZnCl, as the zinc precursor [163].
It has been stated that the exposure of [101] facet to large
percentages could be accounted for the superior efficiency
of Z9 sample compared to other ZnO nanostructures. The

BETg, values of the Z1-Z11 samples were 54.52, 38.24,
58.11, 29.045, 38.670, 8.93, 19.69, 33.266, 19.752, 27.931,
and 17.908 m? g~ !, respectively [163]. The BETgg, value
of Z9 was lower than Z4, but the photocatalytic activity of
79 was considerably higher than Z4. Overall, between sur-
face area and crystallinity, the dominant factor influencing
photocatalytic activity was crystallinity. The Z9 tetrapod
showed the highest degradation rate despite having the low-
est BETgq,, clearly indicating that photocatalytic activity
does not necessarily correlate with BETgg,. This highlights
the important role of morphology in photocatalysis, as the
Z09 tetrapod achieved ~99% RhB degradation [163]. By per-
forming scavenging experiments on Z9 sample, Mourya et
al. [163] suggested that "'OH and "O, played a key role in
RhB degradation.

Esbergenova et al. [162] synthesized nanostructured ZnO
with three different morphologies (nanoparticles, nanostars,
and nanorods) using hydrothermal method (without surfac-
tants) via adjusting the ratio of Zn(NO3),*6 H,O: KOH (Zn:
KOH) to 1:2, 1:8, and 1:12. The probable growth mecha-
nism of ZnO nanostructures at Zn: KOH ratios of 1:2, 1:8,
and 1:12 is shown in Fig. 6(a). The apparent rate constants
of MB degradation under UV irradiation for ZnO nanopar-
ticles, ZnO nanostars, and ZnO nanorods were 0.01193,
0.02994, and 0.00269 min™, respectively. The higher pho-
tocatalytic activity of ZnO nanostars was attributed to: (I)
the generation of exposed (101) facets, resulting in a high
number of defects related to oxygen vacancies; (II) the
increase in photo-absorption ability due to multiple photon
scattering inside the branches of nanostructured ZnO; and
(IIT) the availability of numerous active sites gathered in a
single structure. Noteworthily, compared to the (100) crys-
tallographic plane, it has been suggested that the (101) crys-
tallographic plane in the nanorod-like morphology of ZnO
enabled the production of oxygen vacancy-related defects,
by generating a shallow donor level below the CB of ZnO
and capturing photogenerated -electrons, which could
facilitate the separation of charge carriers and improve the
photocatalytic performance. Compared with ZnO nanopar-
ticles and ZnO nanorods, the intensity of (101) reflection
was more pronounced in the ZnO nanostars, as shown in
the XRD patterns (Fig. 6(b)). The hydrothermal method
used in this study to synthesize ZnO nanostructures with-
out surfactants, by adjusting the ratio of Zn(NO3),*6 H,O:
KOH, enables the production of ZnO nanostructures with
tunable morphologies and varying photocatalytic activities.
Based on the scavenging experiments, hydroxyl radicals
played a dominant role over photogenerated holes in MB
degradation by ZnO nanostars. As confirmed by molecular
dynamics simulation, the interaction of MB with an oxy-
gen atom can result in the generation of OH groups in the
molecule, enhancing its hydrophilicity. Additionally, this
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Fig.5 SEM images of ZnO
nanostructures: (Z1) Hollow
spheres composed of nanowalls,
(Z2) Porous nanoflakes, (Z3)
Nanoflowers, (Z4) Nanocoral
reefs, (Z5) Nanoflowers, (Z6)
Nanorods, (Z7) Nanorods, (Z8)
Agglomerates of nanobuds, (Z9)
Nanotetrapods, (Z10) Nanole-
aves, (Z11) Nanospindles; and
the photocatalytic activity of
calcined Z1-Z11 samples for
decomposition of RhB. Repro-
duced with permission from Ref.
[163] Copyright 2023 Elsevier

Light off

Light on B ° Z1 0

interaction could cause oxygen addition, ring expansion, or
ring opening in MB, thereby contributing to its decoloriza-
tion and degradation [162]. It should be noted that, in this
context, the oxygen atoms were considered representative
of hydroxyl radicals. The band-edge potentials of ZnO and

@ Springer
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MB photodecomposition by ZnO nanostars are shown in
Fig. 6(c).

Kedruk and coworkers [164] studied the morphol-
ogy effect of different ZnO nanostructures (round-shaped
nanoparticles, lamellar, and rods), produced by three
low-cost and environmentally processes (direct thermal
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Fig.6 (a) Schematic of the probable growth mechanism for nanostruc-
tured ZnO produced at different Zn: KOH ratios of 1:2, 1:8, and 1:12.
(b) XRD patterns of nanostructured ZnO produced at different Zn:
KOH ratios of 1:2, 1:8, and 1:12. (¢) Schematic figure of the band-edge
potentials of ZnO and MB photodecomposition over ZnO nanostars.
Reproduced with permission from Ref. [162] Copyright 2023 Elsevier

decomposition method, low-temperature chemical pre-
cipitation, and microwave-assisted method), on the photo-
catalytic degradation of RhB and electrocatalytic reduction
reaction of CO,. ZnO samples with rod morphology, pro-
duced by direct thermal decomposition method, were
denote as ZNP 1, ZNP 2, and ZNP 3. ZnO samples with
lamellar morphology, produced by low-temperature chemi-
cal precipitation, were denote as ZNP 4 and ZNP 5. ZnO
nanoparticles with round-shaped morphology were denoted
as ZNP 6. FESEM analysis of the ZnO samples are shown
in Fig. 7(a-f), and the values of In (Cy/C) versus t at differ-
ent intervals for RhB photodegradation under UV-Vis irra-
diation over ZNP 1-ZNP 6 samples are shown in Fig. 7(g).
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Fig. 7 FESEM images of (a) ZNP 1 (annealed at 700 °C for 10 h), (b)
ZNP 2 (annealed at 400 °C for 10 h), (¢) ZNP 3 (annealed at 700 °C for
6 h), (d) ZNP 4 (precipitation, [NaOH]=0.4 M), (e) ZNP 5 (precipita-
tion, [NaOH]=0.7 M), and (f) ZNP 6 (microwave-assisted synthesis).
(g) In (1/R) against reaction time for the photocatalytic degradation of
RhB under UV-vis irradiation (R stands for C/C,). Reproduced with
permission from Ref. [164] Copyright 2023 MDPI. This article is an
open access article distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license (https://creativecom
mons.org/licenses/by/4.0/)

The aspect ratio (length/diameter) of ZNP 1, ZNP 2, ZNP 3,
ZNP 4, ZNP 5 and ZNP 6 samples were 3.0, 9.2, 2.6, 38.2,
24.1 and 1 (spherical shape), respectively. Compared with
ZnO nanorods and spherical ZnO nanoparticles, ZnO with a
lamellar morphology showed the best performance in pho-
tocatalytic RhB degradation and electrocatalytic reduction
of CO,, due to the larger aspect ratio and greater number
of active sites [164]. The trend in photocatalytic activity,
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which closely correlates with the aspect ratio of ZnO nano-
structures, highlights the key role of this morphological
parameter in determining their photocatalytic activity. Inter-
estingly, compared to the nanoparticle (ZNP 6) and nanorod
(ZNP 1, ZNP 2, and ZNP 3) structures, ZnO electrodes with
a lamellar structure (ZNP 4 and ZNP 5) exhibited signifi-
cantly better performance in the electrocatalytic reduction
reaction of CO,, demonstrating the potential of lamellar
ZnO nanostructures for both photocatalysis and CO, reduc-
tion reactions [164].

Altaf et al. [165] synthesized three different morpholo-
gies of ZnO (nano sponge (NS), nanoflower (NF), and nano
urchin (NU)) using a mild hydrothermal method, which
were then annealed at 300 °C, 600 °C and 800 °C (in air).
SEM images of the synthesized ZnO nanostructures and the
corresponding atomic percentages of Zn and O in the sam-
ples are shown in Fig. 8(a), indicating that the amount of
oxygen enhanced with increasing the temperature of anneal-
ing. As confirmed by electron paramagnetic resonance
(EPR) measurements, the annealing temperature influenced
core defect concentration; enhancing the annealing tem-
perature from 600 °C to 800 °C significantly reduced core
defect concentration, resulting in defect-free samples with
improved homogeneity [165]. The apparent rate constants
of RhB degradation under UV irradiation with respect to the
morphology and the annealing temperature of ZnO samples
are compared in Fig. 8(b). Morphological changes remark-
ably affected the photocatalytic activity of the ZnO nano-
structures, with ZnO NS exhibiting considerably higher
performance than the others at different annealing tempera-
tures of 300 °C, 600 °C, and 800 °C. Based on the scaveng-
ing experiments, regardless of the morphology of the ZnO
nanostructures, O,  played a more dominate role than ‘OH
in RhB photodegradation process [165]. The average crys-
tallite size and the full width at half maximum (FWHM) of
ZnO samples, with respect to their morphology and anneal-
ing temperature, are presented in Fig. 8(¢). The FWHM
decreased while the grain size increased with rising anneal-
ing temperature across different morphologies.

Leite et al. [44] examined the effect of precursor on
hydrothermal synthesis of ZnO nanostructures for the UV
photodegradation of antibiotic norfloxacin (NOR). It was
shown that zinc precursor can significantly affect the mor-
phology and size of ZnO nanostructures. Notably, various
morphologies (e.g., nanogranules, ellipsoidal particles, and
dumbbell-like structures) were achieved by varying the
precursor of zinc in a mildly alkaline medium. The precur-
sors used to synthesize ZnO nanostructures were zinc chlo-
ride, zinc nitrate hexahydrate, and zinc acetate dihydrate.
The samples were labeled ZnO-Cl, ZnO-A, and ZnO-N to
clarify the corresponding precursor. FESEM analysis of
the synthesized ZnO nanostructures are displayed in Fig.
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Fig.8 (a) SEM images of the synthesized ZnO nanostructures and the }
corresponding atomic percentages of O and Zn. (b) Apparent rate con-
stants of RhB degradation under UV irradiation depending on the mor-
phology and annealing temperature of ZnO nanostructures. (¢) FWHM
and average crystallite size of ZnO nanostructures with respect to their
morphology and annealing temperature. Reprinted with permission
from Ref. [165] Copyright 2023 American Chemical Society (https
://pubs.acs.org/doi/10.1021/acsomega.2c07412). Further permissions
related to the material excerpted should be directed to the ACS.

9(a-f). Chloride, acetate, and nitrate precursors led to the
creation of ZnO nanostructures with different morphologies
of nanogranule, dumbbell-like, and ellipsoidal, respectively.
The BETgg, of ZnO-Cl, ZnO-A, and ZnO-N is compared in
Fig. 9(g). Notably, the smaller particle size of ZnO-Cl was
associated with its greater BETgg, than ZnO-N and ZnO-A
samples. The photocatalytic activities of the ZnO-A, ZnO-
Cl, and ZnO-N samples for NOR degradation at different
catalyst dosages of 0.25, 0.5, and 1.0 g L' (pH 8 and ini-
tial concentration of 10 mg L) are compared in Fig. 9(h-
j)- Among the nanogranule, dumbbell-like, and ellipsoidal
morphologies, ZnO nanogranules showed the best photo-
catalytic performance, achieving complete degradation of
NOR within 70 min under UV-C irradiation. This superior
activity is ascribed to the synergistic effects of a reduced
recombination rate of charge carriers, a higher density of
crystalline defects, and an enhanced surface area. The find-
ings highlight the vital role of morphology in photocatalysis
and emphasize the significant influence of the zinc precur-
sor on the morphology and size of ZnO nanostructures syn-
thesized via hydrothermal methods. It has been reported that
chemical interactions between particles and ions consider-
ably affect the adsorption of counterions along the particle
growth direction, thereby affecting the morphology of ZnO
nanostructures [44]. Compared to pH 6 and 10, the mini-
mized electrostatic repulsion between the photocatalyst sur-
face and the NOR molecule was suggested to contribute to
the highest photocatalytic performance observed at this pH.
It is notable that among O,”, ‘OH, ¢”, and h", the greatest
contribution to NOR degradation was attributed to "OH.

2.3 Photocatalytic activity of doped ZnO

Element doping is considered an effective technique to
increase the photocatalytic activity and/or improve the vis-
ible light absorption of semiconductors with wide band gap
energies [166]. It has been stated that doping ZnO with
nonmetals and metals can cause a red shift in its band gap
energy, enabling visible light-activated photocatalysis [166].
Various metals and non-metals have been used as doping
elements in ZnO [167], which are briefly discussed below.
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Fig. 9 FESEM images of (a,

b) ZnO-A, (¢, d) ZnO-Cl (e,

f), and ZnO-N. (g) BETgg, of
ZnO-A, ZnO-Cl, and ZnO-N
samples. Photocatalytic activity
of (h) ZnO-A, (i) ZnO-Cl, and
(j) ZnO-N for NOR degrada-
tion under UV-C irradiation at
different catalyst dosages of 0.25
gL, 05gL " and1.0gL"!
(Cy=10mg L', pH 8). Repro-
duced with permission from Ref.
[44] Copyright 2024 Elsevier
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2.3.1 Transition metal doped-ZnO

Low separation efficiency of charge carriers and low visible
light absorption are among the disadvantages of ZnO as a
potential photocatalytic material [126, 168]. Samadi et al.
[169] synthesized MWCNT-doped ZnO electrospun nano-
fibers for the photocatalytic degradation of MB under both
visible and UV irradiation. In addition to MWCNTs, metal
doping of ZnO at an optimized level enhanced the lifetime
of charge carriers by development of trapping cites [170].
Different transition metal dopants including Cu [171-173],
Ni [174-176], Mn [177-179], Cr [180-183], Fe [184-186],
Nb [187-189], and Co [190-192] have been used for metal
doping of ZnO. Overall, substitution of Zn>* ions with the
transition metal ions could narrow the band gap energy of
ZnO as the result of sp-d exchange interactions between d
electron of transition metals and conduction band electrons
of ZnO (4s4p orbitals) [193]. Some features of Mn and Co
have enhanced their use for doping into ZnO lattice struc-
ture (compared with other transition metal elements) [194].
It has been shown that Mn doping of ZnO can drive vis-
ible light activated ZnO [179, 195, 196]. Moreover, Mn2*
jonic radius (0.80 °A) is near that of Zn>" (0.74 °A); thus,
Mn doping does not result in significant distortion of ZnO
lattice structure [179]. In addition to Mn?*, substitution of
Zn*" with Co*" ions could lead to the creation of strong
absorption peaks in the visible region [190]. Qiu et al. [197]
observed a remarkable decrease in the band gap energy of
ZnO by Co doping, as the ionic radius of Zn>" is bigger than
that of Co?" that facilitates Co doping into the lattice of ZnO
[192]. In addition to the approximate similarity of ionic
radius, the covalent radii of Co?" (1.16 “A) and Mn** (1.17
°A) are close to that of Zn®* (1.25 "A) [194]. Notably, incor-
poration of transition metal cations into ZnO lattice could
result in the formation of oxygen vacancies that could pro-
mote the separation efficiency of photo-induced e /h™ pairs
[192]. Li et al. [194] synthesized ZnO nanowires doped by
Co or Mn for the photodegradation of methyl orange under
visible light irradiation. SEM images of undoped ZnO (Fig.
10(a, b)), ZnO doped by Mn (Fig. 10(c, d)) and Co (Fig.
10(e, f)); and EDX spectra of ZnO doped by Mn (Fig. 10(g))
and Co (Fig. 10(h)) are displayed in Fig. 10. The atomic
percentages of Co and Mn in the doped ZnO were 1.68%
and 6.29%, respectively. Thus, incorporation of Mn was
easier than that of Co into ZnO lattice structure. Moreover,
the morphology of ZnO nanowires was not affected by Co
or Mn doping; however, the doping significantly influenced
the nanowire diameter, with diameters of approximately
80 nm and 200 nm for Mn-doped and Co-doped ZnO,
respectively. Light-harvesting efficiency, band gap energy,
photoluminescence spectra, and the photocatalytic activity
of Co-doped ZnO, Mn-doped ZnO, and undoped ZnO are

presented in Fig. 10(i-1). As shown in Fig. 10(i), both ZnO
doped by Co and Mn provided higher photo-absorption
ability than undoped ZnO. Compared to ZnO doped by Mn,
ZnO doped by Co showed higher photo-absorption ability.
Figure 10(j) confirms the narrowed band gap energy of ZnO
by Co or Mn doping. Although the atomic percentage of
Co was lower than that of Mn, it is obvious that doping of
Co?" ions could have more effect than Mn?" ions on the opti-
cal properties of ZnO [194]. Overall, compared to undoped
ZnO, both Co- and Mn-doped ZnO nanowires can present
higher photocatalytic activity, as a result of their high photo-
absorption capability and low rate of photoexcited charge
carrier recombination. The incorporation of impurity energy
levels within the ZnO band gap, resulting from Co®" and
Mn?** doping, can modify the energy band structure of ZnO,
promote the separation of charge carriers, and accelerate the
production of reactive radicals (O, and ‘OH) for photoca-
talysis [194].

2.3.2 Rare Earth metal doped-ZnO

Various rare earth metal elements including Sm [198-200],
Er [201-203], Nd [204-206], Ce [207-210], La [64, 211],
YD [212], Pr [213-215], Dy [216, 217], and Eu [54, 218—
220] have been used as doping elements for ZnO photocata-
lyst. In addition to photocatalysis, metal-doped ZnO (such
as Ce-doped ZnO) has been used for photoelectrochemical
applications [221]. Alam et al. [216] synthesized La-, Nd-,
Dy- and Sm-doped (1 at%) ZnO nanoparticles for MB and
RhB photodegradation under UV photoirradiation. XRD
patterns of pure ZnO and ZnO doped with rare earth metal
are compared in Fig. 11(a, b). The red shift observed for
rare earth metal doped-ZnO could be related to the expan-
sion of the unit cell due to the mismatch of ionic radii
and/or incorporation of metals into the lattice structure of
ZnO [216]. Figure 11(c, d) displays the TEM and HRTEM
images of Nd-doped ZnO nanoparticles, synthesized using
a simple sol-gel technique, where the plane of (101) of ZnO
nanoparticles could be allocated to the lattice fringe with the
inter-planar distance of 0.26 nm [216]. Figure 11(e-h) indi-
cates light-harvesting efficiency, band gap energy, PL spec-
tra, and photocatalytic efficacy of ZnO nanoparticles doped
with rare earth metals. All ZnO nanoparticles doped with
rare earth metal indicated higher photo-absorption ability
than pure ZnO that could be correlated with the forma-
tion of impurity energy levels between the conduction and
valence bands of ZnO (Fig. 11(e)). Notably, the maximum
and minimum band gap energies are attributed to pure ZnO
(3.25 eV) and Dy-doped ZnO (3.17 eV). ZnO nanoparticles
doped with Nd exhibited the highest activity for both MB
and RhB photodegradation, achieving approximately 98%
MB and 88% RhB degradation within 25 min. In addition,
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Fig. 10 SEM images from the top and the side view of (a, b) ZnO
nanowires, (¢, d) Mn-doped ZnO nanowires, and (e, f) Co-doped ZnO
nanowires. EDX spectra of (g) Mn-doped ZnO and (h) Co-doped ZnO.
(i) DRS spectra, (j) Estimated band gap energies, (k) PL spectra, and
() photocatalytic activity of ZnO, Mn-doped ZnO, and Co-doped

it exhibited 68% MB mineralization, as confirmed by TOC
measurements (pH 10, t=3 h, MB concentration= 100 ppm,
and catalyst dosage=4 g L™!). Notably, Nd doping consid-
erably increased the surface area from 30.31 m? g~! for pure
ZnO to 140.9 m? g~ ! for the Nd-doped ZnO nanoparticles.

@ Springer

Zn0O. Reproduced with permission from Ref. [194]. Copyright 2017
MDPI. This article is an open access article distributed under the terms
and conditions of the Creative Commons Attribution (CC-BY) license
(http://creativecommons.org/licenses/by/4.0/)

Thus, the participation of Nd could enhance the adsorp-
tion of pollutants on the photocatalyst surface, leading to
improved photocatalytic performance. Reusability experi-
ments demonstrated the potential of rear earth metal-doped
ZnO nanoparticles for MB degradation with good stability
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over five successive runs, whereas a remarkable loss in pho-
tocatalytic activity was observed for pure ZnO nanoparti-
cles. This could be attributed to ZnO photocorrosion caused
by rapid charge carrier recombination, while rear earth metal
doping can improve its stability. Notably, rear earth metals
can capture photogenerated electrons from ZnO, preventing

photocorrosion under UV irradiation [216]. Among the
reactive species, ‘OH played a major role in MB photodeg-
radation, as confirmed by trapping experiments.

Pascariu et al. [222] synthesized Er-, Sm- and La-doped
ZnO nanostructures (~ 1 at%) for Congo Red photodegrada-
tion. Interestingly, the band gap energies of La-, Er-, and
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Sm-doped ZnO nanostructures were reported as 2.85 eV,
2.82 eV, and 2.81 eV, respectively, which are slightly higher
than that of undoped-ZnO (2.80 eV). Such blue shifts could
be attributed to Fermi levels shifting closer to the conduc-
tion band, leading to the increase of the carrier concentration
[223]. Notably, these slight blue shifts could be the cause
of several factors including crystallite size and structural
defects (like oxygen vacancies) [222]. Among Er-, Sm- and
La-doped ZnO nanostructures, Sm-doped ZnO presented
the highest photocatalytic efficiency for the Conge Red
removal [222]. Sordello et al. [212] synthesized La-, Ce-,
Pr-, Er- and Yb-doped ZnO for Phenol photodegradation
under UV irradiation. Yb doping into ZnO lattice structure
fortified the accumulation of photoelectrons, whereas dop-
ing with Ce improved the rapid transfer of electrons and
doping with Er promoted the photocurrent. Yb-doped ZnO
showed a robust and effective photocatalytic performance;
overall, better photocatalytic activity was linked to a larger
accumulation of photoelectrons.

2.3.3 Non-metal doping

Different non-metal elements such as S [1], N [224], F [225]
and C [226] have been used as dopants in ZnO for photo-
catalytic applications. Notably, incorporation of group-VA
impurities like As, N, and P resulted in the generation of an
acceptor state in ZnO (based on the substitution of oxygen
(O)-site (O-site)) [227]. Among the group-VA impurities, N
doping could result in the formation of p-type ZnO owing
to the approximately similar ionic radius of oxygen (1.38
°A) and nitrogen (1.68 °A) [227]. Substitutional nitrogen for
lattice oxygen highly depends on the crystallinity of ZnO
[228]. Overall, among the non-metal elements, nitrogen is
considered the most promising dopant because of its simi-
larity with oxygen regarding electronegativity and ionic
radius [229]. In addition, nitrogen doping is an effective
approach for reducing the bandgap energy of semiconduc-
tors [230] and enabling visible light activation [231].

Sacco et al. [231] synthesized N-doped ZnO using the
precipitation method for the photocatalytic degradation of
Eriochrome Black T (EBT) as a model azo dye. N-doped
ZnO was effective for EBT decomposition under visible
light irradiation, while commercial ZnO was inactive. Pig-
osso et al. [232] developed a rapid and straightforward
combustion technique to synthesize N-doped ZnO for the
removal of tetracycline hydrochloride (TC-HCI), by modi-
fying the urea-to-sucrose ratio and the oxide precursors.
They found a considerable 40% increase in visible-light-
driven TC-HCI degradation with the optimal N-doped ZnO
nanoparticles, as compared to undoped ZnO. Moreover, the
synergy between 50% urea and 50% sucrose increased the
catalyst’s surface area, reaching 25.93 m? g~ !. Sucrose was
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applied to control the thermodynamics of the combustion
reaction, while urea served as a dopant by providing nitro-
gen. Peter et al. [229] used a solvent-free method to syn-
thesize N-doped ZnO nanoparticles for brilliant smart green
(BG) photodegradation under visible irradiation, where BG
removal by N-doped ZnO was considerably higher than by
unmodified ZnO. Mandor et al. [224] synthesized N-doped
TiO, beads (NTB) and N-doped ZnO beads (NZB) using
ammonium acetate, urea and sol-gel technique for the pho-
tocatalytic degradation of phenol and ammonia under UV
irradiation. The BET specific surface areas of these materi-
als, are 24.911 m? g! (NTB) and 16.757 m? g'! (NZB).
Phenol degradation efficiency reached 44%, 36%, 57%, and
76% for ZnO, TiO,, NTB, and NZB, respectively; and deg-
radation efficiency of ammonia reached to 47%, 45%, 69%,
and 73% for ZnO, TiO,, NTB, and NZB, respectively. ZnO
was more effective than TiO, and NZB was more effective
than NTB, introducing ZnO as a potential alternative to
TiO, for photocatalytic degradation of phenol and ammo-
nia. Secondly, N doping significantly improved phenol and
ammonia degradation over both ZnO and TiO,, clarifying
the potential of this procedure in improving the photocata-
lytic performance. N-doped TiO, and N-doped ZnO beads
with the nitrogen-to-oxygen acceptor defect and the intrin-
sic donor defect of oxygen vacancy could be activated by
the lower consumption of UV energy for proficient pollut-
ant decomposition. For methylene blue photodegradation
under visible or UV light irradiation, Prabakaran et al. [233]
synthesized N-doped ZnO nanoparticles with cabbage mor-
phology (N-ZnONCBs) using a hydrothermal technique
(nitrogen source: hydrazine monohydrate and precursor:
zinc acetate dihydrate). Notably, N-ZnONCBs showed nar-
rower band gap energy than pure ZnO nanoparticles (2.9 eV
against 3.28 eV, respectively). Compared with UV light, the
N-ZnONCB photocatalyst exhibited higher performance
in MB photodegradation within 50 min under visible light
irradiation. In addition, the N-ZnONCB photocatalyst dem-
onstrated good reusability and photostability, achieving
approximately 93% MB degradation after four cycles.

3 Machine learning modeling
3.1 CSA-LSSVM

It is well established that pattern recognition and classifica-
tion of input data could be performed using different ML
algorithms, such as support vector machine (SVM) and
least square support vector machine (LSSVM). To over-
come the general difficulties of SVM algorithm, LSSVM
method [234] has been developed as a new version of
SVM. The error of regression is added to the constraints of
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optimization in LSSVM method. Noteworthily, regression
error is defined and mathematically solved in LSSVM algo-
rithms, whereas it is optimized within the learning stage in
SVM methods [234]. The potential function (Q) is defined
as shown in Eq. (1) in LSSVM [234-237]:

1

QrLssvm = §wTw +7 Z o1€h )

where w represents the weight vector, e, is the regression
error of N training objects, T denotes transpose matrix, and
v is the summation of regression errors. Equation (1) is
subjected to the constraints shown in Eq. (2) [234]:

ye=w"¢ (xp) +b+er, k=12, ..., N (2)

The transpose matrix, the output vector of the model, the
kernel function, and the bias or the intercept of linear regres-
sion are represented by the variables T, y, ¢ (x) and b in
the above equation, respectively. The following equation is
the normal expression for the w [234]:

w=>" a5y 3)
where
ap=2yeg 4

A reformulation of Eq. (2) using the LSSVM algorithm is
represented by Eq. (5) [234-237]:

Y= Z szlakxzx +b (5)

As a result, Eq. (6) is the determination of the Lagrange
multipliers [234]:

(g0
= mfﬂc + (2v )71 ©)

The following Kernel function can be used to rewrite the
above linear regression equation [234]:

fla)=)" ik (z,2) +b (7)

The Kernel function, which was defined by the dot product
of x and x, vectors, is shown in this equation as K(x, x,).
In fact, the dot product of ®(x)" and ®(x,) are K(x, x,) as
described below [234]:

K (o) =0 ) +¢ (m) (®)

The radial basis Kernel function, one of the most well-
known Kernel functions, was used in this study using the
following expression:

K (z,a4) = exp (—| @y —x ||*/0 %) ©)
where o is a tuning parameter in this equation that should
be determined during the calculations using an optimization
approach. In summary, throughout the training process, the
two tuning parameters of LSSVM namely y and ¢ should
be optimized using an external optimization tool. In this
investigation, the LSSVM algorithm designed by Suykens
and Vandewalle [234] and Pelckmans et al. [238] was
employed. Coupled Simulated Annealing (CSA) was used

to optimize the tuning variables, and the resulting model
was named CSA-LSSVM [239].

3.2 DT

This algorithm for decision trees is tree-structured. There
is a root, several branches, nodes, and leaves in a standard
binary tree. Using a top-down methodology, decision trees
split a dataset into numerous smaller subsets and decide on
each one individually. There are decision nodes and leaf
nodes in a decision tree. While leaf nodes describe deci-
sions on targets, decision nodes describe features’ attributes.
The mean square error serves as the loss function for the
regression decision tree [240, 241]. The method will deter-
mine the MSE of the subset as well as the anticipated value
for each leaf node. The smallest MSE value is used to grow
the regression decision tree. The decision tree’s maximum
depth dictates which branches will be cut the deeper they
go. In low sample sizes and high latitude, overfitting can be
effectively reduced by limiting the tree’s depth [242].

3.3 RF

According to Liaw and Wiener [243], RF is an integrated
learning technique for regression and classification. It is an
additive model based on the bagging algorithm and is one of
the representatives of ensemble learning. In contrast to bag-
ging, RF employs a random sample predictor prior to each
node segmentation during tree construction, potentially
mitigating bias. It possesses the following qualities: (a) by
adding two randomness, RF is less likely to overfit and has
superior noise immunity; (b) it can handle high-dimensional
(many-feature) data without feature selection; (c) it can be
easily parallelized and has a quick training speed, making it
relatively easy to implement [244, 245]. The literature pro-
vides more information about RF, as referenced in [246].
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3.4 XGB

The shortcomings of traditional Gradient Boosting were
addressed by the development of XGB, a tree-based
ensemble learning approach. To lessen bias and variance,
XGB builds a series of weak decision tree learners in suc-
cession [247]. The basic principle of XGB is to gradually
improve weak learners in order to become a strong learner.
With each new tree added, the model attempts to correct
the errors made by the previously trained trees [248]. XGB
builds trees sequentially while accounting for the flaws of
the preceding trees, in contrast to Random Forest, which
builds trees concurrently. In order to build its model, XGB
optimizes the following objective function:

L(@)=> 1y,0:)+ > 2 (fr)

where y; represents the estimated result for the i-th observa-
tion, f, represents the individual trees, Q(f}) indicates the
model’s complexity, 1 (y1, 3;) is the loss function that quan-
tifies the difference between the estimated and the actual
result, and L(®) is the objective function to be optimized
[249]. The loss function 1 (y1,y;) is usually selected to be
a differentiable function, such as log loss for classification
tasks or the squared error for regression tasks. The objective
function also contains a regularization term (f,) that penal-
izes model complexity, aiding in the control of overfitting
[250]. Furthermore, XGB can estimate out-of-bag errors by
using a validation set in each iteration of the boosting pro-
cess. Without the use of external test data, an objective cal-
culation of generalization error may be calculated using just
this subset [251]. Additionally, by lowering dimensionality,

(10)

Table 1 Properties of the pollutants and ZnO dopants used in this study

XGB’s integrated feature significance measure enhances the
model’s performance on big datasets. The frequency with
which a feature appears in the model’s trees determines its
feature importance score [252]. Due to its ability to handle
sparse data well, its parallel processing capabilities, and its
versatility in objective functions and evaluation measures,
XGB can perform better than competing methods across a
range of machine learning applications [253].

3.5 Data gathering

The Scopus database was used to locate the relevant experi-
mental data. Numerous studies have reported the applica-
tion of ZnO in photodegradation, enabling in-depth analysis
and prediction. The physiochemical characteristics of pol-
lutants and ZnO dopants; and photocatalytic parameters
were compiled based on the information in the literature
on the photocatalytic treatment of various pollutants. The
process variables considered as inputs were initial pollut-
ant concentration (C,), solution pH, photocatalyst dosage
(mg/L), weight ratio of doping elements to Zn (Dopant/Zn),
light source (UV (1) and visible light (2)), and irradiation
time (min). Additionally, the molecular weight of the pollut-
ants and dopants (g/mol), TPSA (A2), HBDC and HBAC of
pollutants also were considered as the inputs, and they were
extracted from PubChem (https://pubchem.ncbi.nlm.nih.go
v). Table 1 displays the details of these parameters. Finally,
by considering 19 different pollutants and their degrada-
tion by ZnO-based photocatalysts, without and with dop-
ing elements, a comprehensive dataset was produced. The
WebPlotDigitizer software (https://automeris.io/) was used
to extract the relevant data from the literature (Table S1).

Pollutants MW (g mol ) TPSA HBDC HBAC Dopants of ZnO MW (g mol ™)
Rose Bengal (RB) 1017.6 89.5 0 5 Mn 54.93
Methylene Blue (MB) 319.9 43.9 0 4 La 138.905
Bromocresol Green (BG) 698 92.2 2 5 w 183.84
Methyl Orange (MO) 327.34 93.5 0 6 Sb 121.76
Congo Red (CR) 696.7 233 2 12 Eu 151.964
Direct Black 38 (DB38) 781.78 304 4 16 Sm 150.4
Orange G (OG) 452.4 176 1 9 Without dopant 0
Norfloxacin (NOR) 319.33 72.9 2 7

2-Chlorophenol (2-CP) 128.55 20.2 1 1

Dichlorvos 220.97 44.8 0 4

Diazinon 304.35 85.6 0 6

Phenol 94.11 20.2 1 1

Benzoic Acid 122.12 37.3 1 2

Rhodamine B (RhB) 479 52.8 1 5

Malachite Green 364.9 6.3 0 2

Reactive Black 5 (RBS) 991.8 462 2 24

Reactive Orange 4 (RO4) 781.5 284 1 16

2,4-Dichlorophenol (2,4-DCP) 163 20.2 1 1

Monocrotophos (MCP) 223.16 73.9 1 5
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Table S2 provides the photodegradation percentage (mini-
mum and maximum values) and the details of the experi-
mental conditions. Details regarding the extraction of data
are provided in Text S1 and Table S3. Notably, the specifi-
cations of the pollutants were not consistently provided in
the publications. Moreover, each pollutant may be commer-
cially available with different properties, as suppliers differ,
and even a single supplier may offer different types of the
same pollutant. Therefore, a specific pollutant used in differ-
ent publications might not be entirely identical in terms of
molecular weight, TPSA, HBAS, and HBDC. However, for
a given pollutant across different publications, these were
considered similar in our study for the sake of simplicity.

In order to create accurate machine learning models,
85% of the data points were selected at random to serve as
the training set, while the remaining 15% of the data points
were used as the test data to evaluate the models’ accuracy.
Measurable variables like mean absolute error (MAE),
average absolute relative deviation (AARD), determination
coefficient (R?), and root-mean-square error (RMSE) were
calculated to assess the statistical analysis. These variables
are explained in the following equations:

n 1 predicted experimental]2 n _experimental
2 i [ - | 2 i

2 _ 4 _ _ 2ai=1T
T (i1
100 Pr'edicted _ gwperimental
AARD (%) = == 3 M (12)
RMSE = \/% Z ?:1 (x?mperimental _ xﬁ?redicted)Q (13)
1 experimen edic
_ cxperimental predicted

MAE =~ > |al — xt (14)

Table 2 Hyperparameters of the selected models

Model Hyperparameters

DT Max depth=11, min samples split=>5, min
samples leaf=2, max leaf nodes=99

RF n estimators= 131, max sam-
ples=0.681554237, min samples split=5,
min samples leaf=1, max depth=11

XGB N estimators=290, learn-

ing rate=0.162273782, subsam-
ple=0.751916662, max depth=13, min child
weight=7.498632011, gamma=1.372125436,
colsample by tree=0.860322036

XGB (log of target N estimators=233, learning rate=0.19231,

data) subsample =
0.669023, max depth=>5, min child
weight=7.812104, gamma=0.002698, col-
sample by tree=0.806194

CSA-LSSVM 6*=1.5357,y=102.7720

PSO Particles number= 10, iteration 100, c1=0.5,

c2=0.3, w=0.9

Validation of the model was evaluated using two fundamen-
tal methods: visual comparison plots and statistical analysis.
The degree of alignment between the actual and predicted
values is indicated by the statistical parameters.

3.6 ML modeling results

In machine learning, fine-tuning hyperparameters is crucial
since it has a direct impact on the effectiveness and behavior
of training models [254]. For hyperparameter modification,
traditional approaches like Grid Search (GS) and Random
Search (RS) are frequently used; nevertheless, each has
inherent drawbacks that should be carefully considered
[255]. These constraints include complex search spaces,
high iteration computation time, and high result variability.
On the other hand, Particle Swarm Optimization (PSO), a
population-based metaheuristic inspired by nature and based
on swarm intelligence, offers a straightforward yet effective
method for finding near-optimal solutions in intricate, high-
dimensional search spaces that mimic real-world situations.
Notably, Eberhart and Kennedy developed PSO [256]. The
PSO technique was used in this study to find the best hyper-
parameters for machine learning models. There are several
control factors that influence the basic PSO approach. Itera-
tive experimentation was used to determine the starting val-
ues for these parameters. Defining input variables and the
output target, dividing the dataset into training and testing
subsets, optimizing XGB, DT, and RF hyperparameters by
PSO, and evaluating the model’s prediction performance
were the main steps of the modeling framework. To obtain
accurate values, the LSSVM variables of 6* and y were opti-
mized using the CSA optimization approach. Finally, for the
CSA-LSSVM model, the evaluated and optimized values of
o? and y are 1.5357 and 102.7720, respectively. The hyper-
parameters of the developed model is shown in Table 2.

The obtained R? value for the test data is 0.8479, 0.7748,
0.917, and 0.9604 for RF-PSO, DT-PSO, CSA-LSSVM,
and XGB-PSO models, respectively. As tabulated in Table
3, comparative statistics for AARD, RMSE, and MAE vali-
date that the XGB-PSO calculation of the photocatalytic
degradation of pollutants is accurate enough.

The actual photodegradation efficiencies for pollutants
are compared with the output of the model, developed by
ML, as demonstrated in Fig. 12. The more accurate the
models are, the closer the data aligns with the bisector line.
For the photodegradation framework, the developed XGB-
PSO model provides reliable prediction. Relative degrada-
tion of the estimations by the developed models are shown
in Fig. 13. XGB-PSO model has the lowest relative devia-
tions among the other models.

For better comparison, an XGB-PSO model was devel-
oped to predict the logarithm of the target data as its output.
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Table 3 Accuracy and error in Estimation of the photocatalytic activity (degradation percentage) by the models

Metrics Dataset RF-PSO DT-PSO CSA-LSSVM XGB-PSO XGB (log of target data)
R? Train 0.9271 0.8506 0.9591 0.9962 0.9802
Test 0.8479 0.7748 0.9170 0.9604 0.9288
Total 0.9154 0.8396 0.9529 0.9909 0.9723
RMSE Train 7.2406 10.3667 5.4237 1.6518 0.0903
Test 10.4614 12.7296 7.7260 5.3399 0.1746
Total 7.8077 10.7534 5.8264 2.5666 0.1072
MAE Train 5.5080 7.9002 2.8614 1.1632 0.0613
Test 7.8897 9.5819 5.5564 3.6223 0.1079
Total 5.8645 8.1518 3.2647 1.5312 0.0683
AARD (%) Train 17.3382 22.0888 7.5178 3.1835 1.7012
Test 26.0026 27.5978 18.7061 10.7545 3.1519
Total 18.6349 229132 9.1922 4.3165 1.9183

As it can be seen in Figs. 12 and 13, by considering this
model lower relative deviation are obtained and there is
lower error distribution.

3.7 Influence of features on pollutant degradation

The XGB-PSO model, which shows the best performance
among the four models in our study, is used to examine how
features influence pollutant degradation by ZnO-based pho-
tocatalysts. The Embedded Feature Importance (EFI) bar
chart, SHAP value summary plot, and partial dependence
plot for the model’s input variables are shown in Figs. 14
and 15. As shown in the EFI bar chart, TPSA and pollut-
ant molecular weight, both pollutant-specific properties,
have the highest importance among all variables in the
model’s prediction. It should be noted that larger organic
molecules may require a greater number of charge carriers
for mineralization [257]. Overall, pollutants exhibit struc-
tural differences [258], and their chemical structure influ-
ences photodegradation performance [259]. Additionally,
effective adsorption of pollutants onto the catalyst surface
can enhance their removal from solution [259]. Compared
to organic pollutants with electron-donating groups, those
containing electron-withdrawing groups tend to adhere
more strongly to the catalyst surface, thereby facilitating
their direct oxidation [259]. Aside from TPSA and pollutant
molecular weight, irradiation time and catalyst dosage are
among the most influential features in the model’s predic-
tion, as shown in the EFI bar chart (Fig. 14). Notably, the
significant effects of irradiation time and catalyst dosage
on photodegradation performance are well-established. For
instance, OG degradation over ZnO was 8% at t=5 min and
65% at t=50 min [43]. In addition, increasing the irradia-
tion time from 5 to 10 min raised the degradation percent-
age from approximately 8% to 18%, whereas extending the
time from 45 to 50 min had little, with degradation remain-
ing around 65% [43]. These results indicate that irradia-
tion time highly affects pollutant degradation, with higher
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degradation percentages generally observed at longer expo-
sure times. The SHAP value summary supports this trend,
showing that extended irradiation times are associated with
enhanced model output, reflecting higher degradation per-
centages at later stages. The partial dependence plot (Fig.
15) illustrates that increasing irradiation time positively
influences the predicted pollutant degradation percentage,
signifying that longer exposure enhances degradation effi-
ciency. Regarding catalyst dosage, it is important to note
that an optimum amount is required to achieve maximum
photocatalytic performance. Although increasing the cata-
lyst dosage can provide more active sites for pollutant deg-
radation, excessive amounts may reduce photocatalytic
activity. For instance, Garg et al. [43] investigated the effect
of GO-ZnO nanocomposite dosage ranging from 0.4 to 1.0
g L', and they found that increasing the dosage from 0.8
to 1.0 g L™! decreased the efficiency of Orange G removal,
likely due to restricted light penetration. The SHAP value
summary shows that lower catalyst dosage values tend to
enhance the predicted degradation percentage.

Based on the EFI bar chart, the weight ratio of the doping
element to Zn, the dopant molecular weight, the solution
pH, and the initial pollutant concentration have moderate
importance in the model’s prediction. Regarding dopants,
it should be noted that their photocatalytic performance
highly depends on both their type and concentration. In our
study, the effects of six dopants (Mn, W, Sb, Eu, La, and
Sm) were investigated; however, the weight ratio of these
elements to Zn was in the range of 0.021-0.123. Note-
worthily, the effect of pH on photodegradation efficiency
depends heavily on both the photocatalyst and the pollutant
type. For instance, Sakthivel et al. [123] studied the effect of
pH (ranging from 3 to 11) on the photodegradation rate of
acid brown 14 and found that pH 10 resulted in the highest
rate. In contrast, Chen et al. [56] studied the effect of pH
(ranging from 2 to 10) on the removal rates of MO, CR, and
DB38, finding that the highest rates were achieved at pH
2, pH 2, and pH 4, respectively. Interestingly, Daneshvar
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Fig. 12 Estimation of the pollutant photo-
degradation percentage using the developed
models compared to the experimental results
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e ,;(zG = &257(2)3 et al. [117] investigated the effect of pH (ranging from 4 to

7 Teabuta a7 12) on the photodegradation of acid red 14, reporting the
" BestFitLine oc/) highest efficiency at pH 7. It should be noted that the ZnO

y surface carries a negative charge in alkaline solutions and
a positive charge in acidic aqueous solutions [260]. As a
result, it preferentially adsorbs cationic and anionic organic
pollutants, respectively [260]. Overall, the strong effects of
solution pH and pollutant molecular complexity may result
in considerably different photocatalytic performances [260].
Similar to catalyst dosage, an optimum initial pollutant con-
centration is required to achieve maximum photocatalytic
performance. Garg et al. [43] studied the effect of initial OG
concentration, ranging from 10 to 50 mg L™!, on the pho-
tocatalytic activity of GO-ZnO nanocomposites. Increasing
the OG concentration from 10 to 30 mg L™! improved OG

Predicted

L2 removal, whereas a further increase from 30 to 50 mg L™!
0 i 2 3 4 5 adversely affected the removal efficiency. It has been stated
Log of Experimental Values . . . . .
REPSO that high dye concentrations can restrict light penetration
o RZ=09154 and reduce the number of active sites available on the cata-
“1| = nepe : lyst surface [43]. Both the SHAP value summary and the

— Best Fit Line

partial dependence plot illustrate that higher levels of C,
negatively impact the model output, signifying an adverse
effect at elevated initial pollutant concentrations. As shown
in the EFI bar chart, the light source has the least effect on
the model’s output among all input variables. This may be
attributed to the limited variability of this feature, as only
two levels were defined: UV (1) and visible light (2). The
partial dependence plot (Fig. 15) exhibits that UV irradi-
ation has a stronger positive impact on the model output
(predicted degradation percentage). This aligns with the
fact that ZnO is not effectively activated under visible light

80 4

60 1

Predicted

404

., due to its wide band gap energy (~3.2 eV) [261]. Although
';f ’ some dopants have been introduced to improve visible light
* " . . , ' . activation [233], the dataset is heavily skewed toward UV
! » * Experimental » 10 sources, as shown in Table S1. Consequently, both the
DEPSO SHAP and partial dependence plots reflect a greater model

® TrainData R*=0.83% response to UV compared to visible light.
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3.8 Web-based model
To easily calculate the pollutant degradation by ZnO-based
photocatalysts using the XGB-PSO, a web-based app devel-
oped, click on the following link:

https://xgb-pso-degradation-app-k8ylxwzqdn3pwkfjfpvf
qq.streamlit.app/.

As illustrated in Fig. 16, users can input data and obtain
the predicted values of pollutant degradation.

60
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40 1

0 20 40 60 80 100
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Fig. 12 (continued)
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Fig. 13 Relative deviations of the estimation of photodegradation of pollutants using the developed models

4 Conclusions

As confirmed by the literature review in this study, ZnO
microstructure is a key factor affecting its photocatalytic
activity. Wurtzite ZnO is the most stable phase of ZnO
which has been commonly used in photocatalytic degra-
dation of organic pollutants. Rocksalt ZnO is a metastable
phase, but it can produce a higher photocatalytic activity

than anatase TiO, and wurtzite ZnO. Different non-metal
and metal elements have been used as dopants to enhance
the photocatalytic activity of ZnO, where nitrogen is con-
sidered very promising owing to its similarity of electro-
negativity and ionic radius to oxygen. Importantly, nitrogen
doping could promote ZnO to be activated under visible
light for EBT decomposition. In addition to microstructure,
morphology can highly affect the photocatalytic activity
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Embedded Feature Importance (EFI)
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Fig. 14 EFI bar chart and SHAP value summary plot for the model’s input variables

of ZnO. The aspect ratio is another important parameter
which affects the photocatalytic activity of ZnO structures
with regard to their morphology. In addition to the review
study, a comprehensive dataset of 1176 entries (covering 19
different pollutants) was collected from the literature and
modeled using the CSA-LSSVM, DT-PSO, RF-PSO, and
XGB-PSO machine learning algorithms. The models accu-
rately predicted the pollutant degradation by ZnO photo-
catalyst with R? of 0.8479, 0.7748, 0.917, and 0.9604 for
RF-PSO, DT-PSO, CSA-LSSVM, and XGB-PSO models,
respectively. The web-based app designed in this study is a
valuable and easy to use tool by researchers to predict pol-
lutant degradation by ZnO-based photocatalysts.

High

Feature value
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