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Abstract: There is no doubt that organic dyes currently play an indispensable role in our daily
life; they are used in products such as furniture, textiles, and leather accessories. However, the
main problems related to the widespread use of these dyes are their toxicity and non-biodegradable
nature, which mainly are responsible for various environmental risks and threaten human life.
Therefore, the elimination of these toxic materials from aqueous media is highly recommended to
save freshwater resources, as well as our health and environment. Heterogeneous photocatalysis is
a potential technique for dye degradation, in which a photocatalyst is used to absorb light (UV or
visible) and produce electron-hole pairs that enable the reaction participants to undergo chemical
changes. In the past, various metal oxides have been successfully applied as promising photocatalysts
for the degradation of dyes and various organic pollutants due to their wide bandgap, optical,
and electronic properties, in addition to their low cost, high abundance, and chemical stability in
aqueous solutions. Various parameters play critical roles in the total performance of the photocatalyst
during the photocatalytic degradation of dyes, including morphology, which is a critical factor in the
overall degradation process. In our article, the recent progress on the morphological dependence of
photocatalysts will be reviewed.

Keywords: organic dyes; wastewater treatment; photocatalyst; photocatalytic degradation; metal
oxides; morphology

1. Introduction

Due to the growth of societies and the speeding up of industry over the last few
decades, environmental pollution is considered the biggest challenge facing our soci-
eties [1]. Almost all activities of humans to produce commodities and services lead to
the creation of environmental contaminants. These pollutants cause harm to the health
of people, plants, animals, and microbes when they are discharged into the air, water,
and soil [2]. Since humans depend on the creation and enhancement of commodities and
services to survive on earth, these practices cannot be completely abandoned [2]. Major
contributors toward aquatic pollution include industrial dyes, which are the greatest class
of organic pollutants [3,4]. Due to their intricate chemical compositions, the majority of
synthetic dyes are poisonous and extremely durable. Currently, synthetic dyes as organic
compounds or mixtures are widely utilized in the leather, pharmaceutical, food, cosmetic,
color photography, paper printing, textile dyeing, and textile dyeing industries [5-8].
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The last two decades have seen a dramatic rise in public understanding of the toxic
and cancer-causing effects of many pollutants that were previously not thought to be
dangerous [2]. Some man-made chemicals can linger in the environment for a very long
time without degrading, in contrast to naturally occurring compounds that break down
immediately. These substances, which include pesticides, organochlorines, polychlorinated
biphenyls, synthetic polymers, and synthetic dyes, are regarded as the main environmental
contaminants [9]. Most dyes are organic, multidimensional compounds with the property
of adhering to various surfaces, including fabrics, leathers, and others. The paper, textile,
dyestuff, and distilling industries release highly colored wastewaters [10]. By increasing
the demand for dyes, a larger amount of water is polluted [11,12]. As reported by Couto
et al., in traditional dying processes, each 1 kg of textile materials required about 100 L of
water to obtain the final product [5]. As per O’Neill et al., not every type of dye adheres
to fabric, and their discharge in wastewater varies. Basic dyes may lose up to 2% while
reactive dyes can lose up to 50%, resulting in the contamination of surface and ground
waters in the dyeing industries [13].

It has been reported that each year about 280,000 tons of textile dyes are released into
industrial wastewater by the textile industry [14]. In general, it is thought that throughout
the industrial processes, roughly 12% of the total generated synthetic dyes, including
methyl orange (MO), methyl red (MR), methylene blue (MB), rhodamine B (RhB), remazol
brilliant blue (RB), congo red (CR), and many others, are lost [3,15]. Additionally, 15-20% of
global dye production is wasted during the dying process and released into water without
additional treatment, resulting in significant environmental damage [16]. The presence
of color in dye effluents serves as a clear indicator that water is contaminated since it is
easier to see, and the discharge of these strongly colored effluents can directly impact the
receiving waterways [17]. Even a very small concentration (1 mg L) of synthetic dyes
in water can generate color and create an unfavorable concentration for ingestion, and
also can significantly harm the environment and pose substantial health risks [18]. When
utilizing the untreated dyeing effluents in agriculture purposes, both the environment and
human health are badly affected [19]. In light of the harmful and cancer-causing proper-
ties associated with dyes, and considering that numerous dyes are known carcinogens,
significant recent endeavors have been directed towards regulating the release of dyes
into the environment [20,21]. The remediation of dye wastewaters can be accomplished
using various techniques. A variety of procedures are involved, comprising biological
and microbiological methods, along with physicochemical techniques such as adsorption,
chemical oxidation, precipitation, coagulation, filtration, electrolysis, and photodegrada-
tion [22]. Based on its suitability, each strategy can be used to target a certain class of toxins
and offers advantages of its own. Despite their usefulness, physicochemical techniques
often suffer from several limitations, including high costs, low efficiency, limited flexibility,
susceptibility to interference from other wastewater constituents, and the challenge of
managing the waste generated [18].

Therefore, it is crucial to develop affordable, effective, and environmentally friendly
methods to reduce the amount of dye in wastewater [5]. Advanced oxidation processes
(AOPs) can be used for treating most industrial effluents. Among the numerous AOPs
that are recognized, photocatalytic degradation has emerged as a promising method for
destroying organic substances [23,24]. The photodegradation process of dyes involves
oxidizing large dye molecules into smaller ones such as water, carbon dioxide, and other
byproducts. Compared to other AOPs, photocatalytic degradation is more successful since
semiconductors are less expensive and can easily mineralize a variety of organic molecules.
The materials used as effective photocatalysts should have an appropriate energy band
gap, appropriate morphology, high surface area, long term stability, and considerable
recycling ability [25,26]. Due to the high surface-to-volume ratio of nanomaterials, more
surface area is available for redox reactions. In recent years, metal oxides have garnered
significant interest in environmental remediation due to their ability to generate charge
carriers upon activation by sufficient energy [27]. Numerous metal oxide nanoparticles
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have been employed as photocatalysts in the past, including zinc oxide (ZnO), titanium
dioxide (TiO,), copper oxide (CuO), nickel oxide (NiO), and tungsten oxide (WO3). This is
a result of their potential optical, chemical, and physical capabilities, including their distinct
electronic structures, abilities to absorb light, and capacities for charge transport [28]. The
composition, size, doping, and shape of metal oxides are only a few of the variables that
might influence their photocatalytic activity. These factors are all crucial for photocatalytic
activity [29-32]. This study mainly reviews the recent progress on the morphologically
dependent photocatalytic activity of the metal oxides toward degradation of organic dyes
from aqueous solutions. From the metal oxides, TiO,, ZnO, CuO, NiO, and WOs3, with
various morphologies, will be presented. To provide a big picture, our article starts with
an introduction that outlines the dye classifications and their environmental problems.
Additionally, this article outlines the principle of the photocatalytic process and the different
photocatalytic reaction mechanisms.

In addition, this review presents a comprehensive study of the recent progress made
in the field of the morphological dependence of photocatalysts for the photocatalytic
degradation of organic dyes. It discusses the latest developments in the synthesis and
characterization of metal oxide photocatalysts with tailored morphologies. Furthermore, it
analyzes the underlying mechanisms governing morphology-induced effects and provides
insights into the prospects and challenges in this research area.

According to publication records during the last decade, there were about 77,214 publi-
cations on photocatalysis. The research output on photocatalysis has continued growing
with time, with 4155 and 10,550 publications in 2013 and 2023, respectively, as shown in
Figure 1. Among the metal oxides, most publications investigated TiO,, ZnO, CuO, NiO,
and WO3; materials.
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Figure 1. Distribution of the cumulative number of publications on photocatalysis per year from the
Scopus database (November 2023).

2. Principles of Photocatalysis

In the last decades, the use of photocatalysis technology as a quick, affordable, and
efficient way to get rid of the majority of poisonous dyes has received a lot of interest [33-35].
Photocatalysis is a field that utilizes catalysts to enhance the speed of some chemical
reactions. A photocatalyst is a material capable of absorbing light, generating electron-hole
pairs that enable the participants in a reaction to undergo chemical transformations [36].
The primary factor behind photocatalytic activity (PCA) is the catalyst’s capability to
produce electron-hole pairs, which leads to the creation of free radicals such as hydroxyl
radicals (¢OH). These radicals can then undergo secondary reactions. There are two primary
categories of photocatalytic reactions: homogeneous photocatalysis and heterogeneous
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photocatalysis. The ability of any specific photocatalytic technique to work properly
depends on several characteristics, including bandgap, shape, and high surface area [37].

Since dyes are colored, it is simple to track how they change color throughout the
experiment. The dye sample is exposed to UV light for a predetermined amount of time
in the photocatalytic process. The variations in solution color are then measured in terms
of decreasing absorbance using a spectrophotometer. The degree of discoloration (T) is
determined from the dye absorption before and after irradiation by the following relation
(Equation (1)) [38].

A
T=1- e * 100 (1)

The equation includes A,, which denotes the absorbance of the dye solution before
irradiation, and A;, which represents the absorbance of the dye solution after irradiation.

Heterogeneous photocatalysis is an environmentally friendly, low-cost method of
decontaminating organic materials. Organic contaminants can be effectively reduced
through heterogeneous photocatalysis in both the atmosphere and water. The mechanism
of the photocatalytic degradation of organic pollutants has been previously discussed by
several groups [39,40]. Usually, sunlight in the presence of a semiconductor photocatalyst
is utilized to speed up the removal of environmental contaminants and the obliteration of
extremely harmful compounds [41]. The process of heterogeneous photocatalysis comprises
five sequential steps: (i) transferring the reactants from the liquid phase to the catalyst
surface; (ii) adsorbing the reactants onto the catalyst surface; (iii) enabling the reaction to
occur in the adsorbed phase; (iv) desorbing the final product; and (v) removing the final
products from the liquid phase [42].

The following steps are stated as the mechanism of dye and other organic compound
degradation via photocatalysis: When the catalyst is exposed to UV light, electrons move
from the valence band (VB) to the conduction band (CB), resulting in the formation of an
electron-hole pair (Equation (2)) [43,44].

catalyst + hv — ecp + h\J;B (2)

Here, ecp and h@,’B, respectively, represent the electrons in the CB and the holes in
the VB.

The produced excited substances (excitons) may travel to the catalyst surface and
engage in a redox reaction with other species already there. Usually, h{y may readily
form *OH radicals through the reaction with surface-bound H,O molecules (Equation (3)),
whereas ey can produce superoxide radical anions of oxygen through the reaction with
O, (Equation (4)) [42].

H,0 +hyy — ¢OH+H" 3)

Oy +ecg — O3 4)

The combination of the electron and the hole created in the first step is prevented by
this reaction. The ¢OH and O, that are created in the following equations react with the
dye to create additional species, which results in the dye discoloration.

O, +H' — eOH, (5)

H,0, — 2e0H (6)

eOH + dye — dye_; (7)

dye + ez — Reductant products (8)

Due to the presence of dissolved oxygen and water molecules, all above reactions
are possible in photocatalysis. In Figure 2, the pathways of oxidative species formation in
photocatalytic research are presented schematically.
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Figure 2. The mechanism of the oxidative species in heterogeneous photocatalysis. Adopted with
permission from Ref. [42] Copyright 2017, Royal Society of Chemistry.

3. Mechanisms of Photocatalyzed Dye Degradation
There are two main pathways for photocatalytic reactions, as described below.

3.1. Direct Photocatalytic Pathway

There are two proposed mechanisms describing heterogeneous photocatalysis.

3.1.1. The Langmuir-Hinshelwood Model

This model is used to describe the mechanism of solid catalytic reactions [45]. As re-
ported in the published review by Uyen N. P. Tran et al. [46], typically, the L-H mechanism
model consists of four sequential steps: (1) molecules are absorbed on a catalytic surface,
(2) adsorbed molecules dissociate, (3) products are produced by reactions between dissoci-
ated molecules, and (4) products are liberated to the medium. Usually, this model is used to
study the heterogeneous catalytic degradation of organic pollutants in wastewater [47,48].

Based on step (1), the adsorption and desorption rate can be expressed as
Equations (9) and (10).

ra =ks(1—0)Cp )

rg = kg0 (10)

Here, k; and k; are the adsorption and desorption rate constants, 6 is a fraction of the

coverage site, and C, is the concentration of pollutant “p”.
At equilibrium, 7, = r;, which results in Equation (11) [49].

6:1+kcp

(11)

k = the equilibrium constant, k = ﬁ
Usually, the photocatalytic degradation of an organic pollutant (P) occurs after adsorp-
tion; thus, the degradation rate is proportional to 8, as shown in Equation (12) [45].

kdegkCP
Tdeg = kdeg0 = 1+ kCp

(12)

Here, kg is the degradation rate constant.
Based on the rate law of chemical reaction, the rate of the degradation can also be
expressed by the following relation:

dCp

rdeg = _Tt

(13)
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By combining Equations (12) and (13), L-H kinetic model can be obtained.
kjeokC
_dCp _ Cdeg™™P (14)
dy 1+ ka
By integrating Equation (14) from Cp = Cp g at t = 0 to Cp at the interval time, ¢:
1 Cp 1
In — + Cp—Cpg) = —t 15
kdegk CP,O kdeg ( P P,O) ( )
—t 1 1 Cp
=t 1 m()/c —c 16
Cp—Cpo  kaeg kaegk  \Cpp (Cp = Cro) (16)

By linearly plotting the above equation, the obtained intercept and slope are % and
,%:7, respectively.

According to previous studies, the kinetic of the photocatalytic degradation is fitted
well with the L-H model. For instance, Cao et al. showed that the kinetics of the pho-
todegradation of gaseous benzene by nitrogen-doped TiO, (N-TiO;) under visible light
irradiation agreed with the L-H model [50]. Another study by M. Klumpp et al. [51]
confirmed that the experimental data of the degradation of rhodamine B (RhB) by TiO,
thin film also agreed with L-H model. Furthermore, Yang et al. [52] reported that the cat-
alytic photodegradation of norfloxacin and enrofloxacin under visible light irradiation with
bismuth tungstate (Bi, WOg) synthesized by combining ultrasonic solvothermal treatment
and high-temperature calcination adopted the L-H kinetic model with a high correlation
coefficient (R > 0.95).

3.1.2. The Eley-Rideal Model

In this method, the holes are first photo-created, then the free charged carriers are
trapped by surface flaws. The dye is then chemically altered by the active centers (AS)
to produce an adduct species such as (S-dye)*, which can then degrade further to pro-
duce products or recombine with electrons. The subsequent reactions depict the reaction
structure [34,53]:

Catalyst + hv — e~ + h™ (photogeneration of charges) (17)
AS+h" — AST(Trapping holes by AS) (18)

AST +e~ — AS(Physical decay of AS) (19)

AST + dye — (AS — dye) " (Adduct; chemisorption) (20)
(AS—dye)" +e~ — AS + products (21)

3.2. Indirect Photocatalytic Pathway

On the surface of the catalyst, electron-hole pairs are photogenerated during this
process. After that, water molecules trap the holes and create H* and *OH radicals. The
*OH radicals can attack the dye to produce intermediates and finished products, or they
can interact with one another to form HyO,. The superoxide radical, which can start a chain
reaction that produces HO;, and H,O,, can also trap the electron by binding to molecules
of oxygen.

The organic molecule is oxidized as a result of all these radicals being produced, creat-
ing intermediates and finished products [54]. The following equations serve as examples of
the mechanism [54]:

TiO, +hv — e~ +h™ (22)

h™ 4+ HyO(ads.) — eOH(ads.) + H" (ads.) (23)
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O, +e” — O, (ads.) (24)

O, (ads.) + H* +» HO5(ads.) (25)
HO;(ads.) — HyO5(ads.) + Oy (26)
H,0,(ads.) — 2HOe(ads.) (27)

oOH + dye — intermediate —+ CO, + H,O (28)

The photodegradation efficiency and oxidation rates of a photocatalytic system are
heavily dependent on various operational parameters. These parameters play a crucial
role in regulating the degradation of organic molecules and include the effects of the
dye concentration, catalyst dose, solution pH, light intensity, and exposure period. A
comprehensive discussion of all these factors can be found in the literature [47,54].

4. Morphological Dependence of Metal Oxide Photocatalysts

Due to their capacity to produce charge carriers when stimulated with effective en-
ergy, metal oxides are generally of great interest in both environmental remediation and
electronics. Numerous metal oxide nanoparticles have been utilized as photocatalysts
and adhere to the fundamental principles of photocatalytic activity [28,55,56]. The first
step in the photocatalytic reaction is the absorption of light, which separates charges and
creates (h*) positive holes that can oxidize substrates [57]. The metal oxide is activated by
exposure to UV light, visible light, or a combination of both. Consequently, photoexcited
electrons are raised from the valence band to the conduction band, forming an electron-hole
pair (e~ /h*). This generated pair (e~ /h*) has the capability to either reduce or oxidize a
compound adsorbed on the photocatalyst’s surface. These excitons initiate the oxidation or
reduction of substrates and reactants on the surface of photocatalysts. The photocatalytic
efficacy of the metal oxide originates from two distinct mechanisms: (i) the generation of
oOH radicals through the oxidation of OH™ anions and (ii) the production of O, radicals
through the reduction of O,. Both these radicals and anions can subsequently interact with
pollutants, resulting in their degradation or conversion into less harmful byproducts. These
produced radicals and anions cause contaminants to degrade and change into byproducts
with low risks [58]. In the following sections, the recent progress on the morphological
dependence of TiO,, ZnO, CuO, NiO, and WO3 in the degradation of organic dyes in
aqueous media will be presented.

4.1. Titanium Dioxide Photocatalysts

Since Fujishima and Honda’s great discovery of water splitting in 1972 [59], great
attention has been paid to utilizing the photocatalytic properties of some materials to
convert solar energy into chemical energy for the oxidation or reduction of materials to
produce useful materials such as hydrogen [60] and hydrocarbons [61], as well as to remove
pollutants and bacteria from air, water, wall surfaces, and other environments [62,63].

TiO; has four polymorphs in nature, namely, tetragonal anatase, orthorhombic brookite,
tetragonal rutile, and monoclinic. Two extra high-pressure forms were also produced using
the rutile, TiO,, and hollandite structures. Rutile, which is the most stable form of TiO,, is
the primary source of this compound. Conversely, anatase and brookite are metastable and
transform into rutile during calcination [64]. TiO; is categorized as an n-type semiconductor
and has varying energy bandgaps depending on its crystalline form. The energy bandgap is
approximately 3.2 eV for anatase, 3.0 eV for rutile, and 3.2 eV for brookite [42]. Among the
many different photocatalysts, TiO, has received the most attention and has been utilized
in the most applications. This is due to its potent oxidizing properties [65-68], its ability
to degrade organic pollutants [69], its superhydrophilicity [70], its chemical stability, long
durability, nontoxicity, low cost, and transparency to visible light [62,71], as well as its good
anti-corrosion performance, high mechanical strength, low density, and a competitive price.
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TiO, exhibits photocatalytic properties by producing photogenerated charge carriers
upon absorption of UV light which correspond to the energy band gap of TiO,. These
photogenerated holes in the valence band (VB) move to the TiO, surface and interact with
adsorbed water molecules, resulting in the formation of hydroxyl radicals (¢OH). Nearby
organic molecules on the catalyst’s surface are oxidized by the photogenerated holes and
the «OH radicals. Meanwhile, superoxide radical anions (O,*~) are typically produced
when molecular oxygen in the air reacts with electrons in reduction processes in the CB.

It has been reported that using pristine TiO, is not recommended because of its
low electron transfer rate, light absorption, and electron-hole pair recombination. Thus,
TiO, is produced in various nanostructures to improve electron transport and reduce
electron-hole recombination in order to weaken these restrictions [72]. Several factors can
significantly impact the effectiveness of photocatalytic systems, such as the size, specific
surface area, pore volume, pore shape, crystalline phase, and exposed surface facets of the
photocatalyst. Morphological factors can also affect photocatalytic performance as well
as the properties of TiO; materials. Therefore, recently, there has been a lot of interest in
the preparation of TiO, nano- or micro-structures with various morphologies [73,74], and
a variety of TiO; nanostructural materials have been created, including spheres [74,75],
nanorods [76], fibers [77], tubes [78], sheets [79], and interconnected architectures [80]. Due
to their interconnected structure, three-dimensional (3D) monoliths may have high carrier
mobility and be used in environmental decontamination as opposed to two-dimensional
(2D) nanosheets, which have flat surfaces and good stickiness [69,81,82]. In the following
section, the photocatalytic properties of TiO, with various morphologies are used for the
breakdown of organic pigments.

In the last decade, Zhen et al. [83], simply treated amorphous anodic TiO, nanotubes
(TiO, NTs) in situ hydrothermally at 70 °C to prepare anatase porous TiO, nanowires
(TiO, NWs) (Figure 3a—f). The estimated BET surface area of the prepared TiO, NWs was
267.56 m? g~ !, nearly four times that of the utilized amorphous anodic TiO, NTs. The
photocatalytic capability of porous TiO; NWs towards MB and Rhodamine 6G (Rh6G)
were studied. Compared to TiO; NTs or Degussa P25, the porous TiO, NWs had superior
photocatalytic activity (Figure 3g,h). The porous design and the substantial specific surface
area are responsible for the increased photocatalytic activity.

Furthermore, anatase TiO, NWs were prepared by Lou et al. [84] using a facile one-
pot solvothermal approach (Figure 4). Due to the high productivity and yield of the
solvothermal reaction, a significant amount of what appears to be white mud is produced
afterward. The choice of the DMF/HAc volumetric ratio in the solvent system used for
synthesis determines whether the TiO, NWs assemble into hierarchical architectures or
remain in freestanding form. The 1D nanostructure with outstanding photocatalytic activity
for RhB degradation was perfectly preserved in both the synthesized and the annealed
TiOz NWs.

Recent studies on the morphology of TiO; nanostructures in the photocatalytic degra-
dation of several organic dyes (MB, MV, MO) have been published by Zhang et al. [85]. The
balanced angle deposition technique (GLAD) was used to create nanorod, nanohelic, and
nanozigzag TiO, nanofilms (Figure 5a). It can be observed that the morphology displayed
significantly influences the performance of the photocatalytic degradation under UV-Vis
light irradiation (Figure 5b,c). This is mostly explained by the variation in the produced
nanostructures’ specific surface area and pore volume. TiO; nanozigzag films demonstrate
superior degradation capabilities compared to nanohelics and nanorods due to their ex-
tensive surface area, increased porosity, distribution of active sites at varying pore lengths,
and the existence of oxygen vacancies.
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Figure 3. (a) SEM image of the anodic TiO, NTs, (b) cross-section and surface view image of the
bottom side of the anodic TiO, NTs, (c) the porous TiO, NWs, (d) cross-section image of the porous
TiO; NWs, (e) high and (f) low magnification cross-sections and surface views of the porous TiO,
NWs. The photocatalytic degradation performance of (g) MB and (h) R6G with time of irradiation.
Adopted with permission from Ref. [83] Copyright 2013, Elsevier.

By carefully hydrolyzing titanium tetrachloride (TiCly) with a homemade glass appa-
ratus, Zidki et al. [86] prepared TiO, nanoparticles. The photoactive anatase and brookite
phases make up the TiO, nanoparticles, as indicated by XRD and TEM/HRTEM image
studies (Figure 6a,b). The photodegradation of MB and CR under UV-Vis light was used to
illustrate the photocatalytic activity of TiO, nanoparticles. The degradation of MB showed
that, in contrast to the CR degradation, the photocatalytic degradation of MB on TiO,
nanoparticles is more effective in an alkaline environment (Figure 6¢,d).
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Figure 4. Morphological analysis (SEM and TEM images) of TiO, NWs prepared with different
volumetric ratios of DMF/HAc: (A,B) 4/6, (C,D) 5/5, and (E,F) 6/4. (G) Photocatalytic degradation
of RhB and (H) degradation ratio after 10 min irradiation over TNW, TNW — A, and P25. Adopted
with permission from Ref. [84] Copyright 2012, Wiley.

Habibi and Jamshidi [87] conducted a study in which they synthesized TiO; in various
shapes using cellulose nanofibers (CNFs) as a template and a sol-gel technique. Three dif-
ferent forms of TiO, were produced: hydrogel, aerogel, and alcogel (as shown in Figure 7).
The hydrogel-produced TiO, nanofibers were porous and strongly entangled, while the
aerogel-produced TiO; had a sheet-like structure. The alcogel-produced TiO, had a struc-
ture similar to a hydrogel, but water was replaced with isopropanol. By using the Stober
method with ammonia, the sol-gel process was modified by the researchers to produce TiO,
nanowhiskers and nanosheets. The morphology of the nanowhiskers transformed into
nanosheets as the ammonia level was raised, as confirmed by FESEM images. Moreover,
the specific surface area of the TiO, samples was found to have increased. The photocat-
alytic efficiency of the prepared samples was examined using methylene blue (MB) as a
model pollutant. All samples exhibited high photocatalytic efficiency under UV light, with
over 98% degradation of MB in 2 h. Additionally, TiO, nanowhiskers displayed higher
photodegradation efficiency under visible light compared to TiO; NPs and nanosheets.
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Figure 5. (a) SEM images (cross-sectional and top view) of TiO, nanostructures (a) Standing nanorod
(b) Nanohelix-H4, (c) Nanohelix-H8, (d) Nanohelix-H12, (e) Nanohelix-H16, (f) Zigzag-74, (g) Zigzag-
Z3, and (h) Zigzag-Z2. Pseudo-first-order kinetics (after exposure to UV-Vis light for 240 min for
decolorization) of (i) MB, (j) MV, and (k) MO. Adopted with permission from Ref. [85] Copyright
2017, Elsevier.

TiO, NTs have received a lot of interest in recent years because of their one-dimensional
ion exchange direction, increased surface area, and light absorption [88]. TiO; NTs can
typically be made using one of three methods: hydrothermal, template, or electrochemical
anodization. The most effective of these techniques, electrochemical anodization, is the least
expensive and produces remarkably ordered nanotubes [89]. Additionally, the anodization
technique stands out for its ability to control the morphology of nanotubes by simply
changing the process parameters. In contrast to nanotubes grown over foils, Subramanian
et al. [90] found that anodized TiO, NTs over titanium wires (TWs) significantly improved
the photocatalytic degradation of MO.

In the presence of nanotubes grown on titanium wires, photocatalytic degradation
rises from 20% to about 40%. Additionally, MO degradation in the presence of Pt-loaded
TiO, nanotubes over foils matches the degradation in the presence of TiO; nanotubes on
wires. This increased photoactivity is attributed to nanotubes formed in a radially outward
orientation along a titanium backbone, which effectively absorb light that is reflected
and refracted. Further enhancement was achieved by Rojviroon et al. [78]. In this study,
electrochemical anodization was used to create TiO, nanotubes using thin titanium sheets
at voltages of 20, 30, 40, and 50 V. The obtained TiO, nanotubes are shown in Figure 8a.
The characterization investigation revealed that the inner diameter and depth of TiO, NTs
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rose with increasing anodization voltages, but their wall thickness dropped. It seems that
the TiO, NTs anodized at 50 V have shown promising photocatalytic activities towards the
decolorization of indigo carmine (IC) and reactive black 5 (RB5) dyes. The decolorization
efficiencies were measured to be 74.14% and 65.71%, respectively, under UV irradiation for
180 min and with an initial dye concentration of 4 uM. These results suggest that TiO, NTs
anodized at 50 V can be a potential photocatalytic material for dye wastewater treatment.

Degradation %

100

Degradation %
g

104
0-

713 9.42 11.25
pH pH

2.1 5.40 713 9.48 11.08

Figure 6. (a) TEM and (b) HR-TEM images of the prepared TiO, nanoparticles. Effect of pH on
photodegradation of (¢) MB and (d) CR dyes after under UV-Vis light illumination. Adopted with
permission from Ref. [86] Copyright 2020, Elsevier.



Inorganics 2023, 11, 484 13 of 35

Solvent +NH,

(a) Extition +TTIP
.'_:.'_' ¢’ TiO,-nano-sheets
RS A Fast-hydrolysis
Freeze-drying calcmatlon ¢,
Water / /
-—

o, ./ /" iy “"’: \ /

TiO,-nano-whiskers Slow- hydro]ySIS
(c)

A

CNFs hydrogel CNFs aIcogeI

Ammonia amount

[

/ TiO,-nano-whiskers

\ |

!

500 nm

f
( )..0_ ) park | Visible light (9)1 0™ Dark UV light - TNPs-UV
: S —a— A(0.2-0.8-3)-UV
—o— B(0.25-0.8-3)-UV
0.8 0.8 —<— B(0.3-0.8-3)-UV
o B(0.4-0.8-3)-UV
- - = B(0.5-0.8-3)-UV
3 0.6 £ 0.6 - —— B(0.6-0.8-3)-UV
) S0
&3 —=— TNPs-Vis ;-
0.4+ | —a— A(0.2-0.8-3)-Vis 0.4 -
—o— B(0.25-0.8-3)-Vis
—a— B(0.3-0.8-3)-Vis
0.24| o B(0.4-0.8-3)-Vis 0.2
1= B(0.5-0.8-3)-Vis
—— B(0.6-0.8-3)-Vis
0.0 T T T T T T T T T T 0.0 - = - 7
-60 -30 0 30 60 90 120 150 180 210 240 60 -30 0 30 60 90 120 150 180 210 240
Time (min) Time (min)

Figure 7. (a) Synthesis process of alcogel—TiO;, (b) the shape evolution of alcogel—TiO,
with an increasing ammonia amount. FESEM images of (c) hydrogel—TiO;, (d) aerogel—TiO,,
(e) alcogel—TiO,. Concentration changes in MB aqueous solution under (f) UV—and (g) visible light.
Adopted with permission from Ref. [87] Copyright 2020, Elsevier.

Nozaki et al. [91] prepared TiO, nanosheet (TiOp NSs) photocatalysts for the degra-
dation of MB when exposed to UV radiation (365 nm, 2.5 mW cm~2). Ti(OBu)y and
(NHy),TiFs were both employed as starting materials, and a variety of samples with vari-
ous side lengths were produced through hydrothermal synthesis by varying the F/Ti ratio
between 0.3 and 2.0. Titania nanosheets produced with an F/Ti ratio of 0.3 led to the best
degrading efficiency. The increase in surface area brought on by the reduction in size is
what is responsible for the increased catalytic activity.
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Figure 8. (a) FE-SEM images of TiO, NTs anodized at 20, 30, 40, and 50 V. Photocatalytic decolorization
using TiO, NTs sheets anodized at 20-50 V for various initial concentrations of (b) IC and (c) RB5.
Adopted with permission from Ref. [78] Copyright 2021, Elsevier.

Recently, Nair developed a floating photocatalyst to accelerate the photocatalytic
degradation of a TiO, nanosheet in a cellulose acetate matrix and supplied support using
ethylene vinyl acetate (Figure 9a—c) [92]. The degradation of CR dye by a floating photocat-
alyst made of TiO, nanosheets performed well in both UV and solar light (Figure 9d,e).
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Figure 9. (a) Schematic representation of the synthesis of a floating photocatalyst, (b) FESEM image
of TiOp NSs. XRD of TiO, NSs (c) and CA/TiO, NSs (d), (e) Solar degradation study of CR dye using
a floating photocatalyst, and (f) UV degradation of CR dye using a floating photocatalyst. Adopted
with permission from Ref. [92] Copyright 2021, Elsevier.

4.2. Zinc Oxide Photocatalysts

Zn0O is commonly found in a hexagonal wurtzite crystal structure, which has a non-
centrosymmetric lattice and exhibits piezoelectric and pyroelectric properties. The crystal
structure also affects the photocatalytic activity of ZnO, with the (001) crystal facet showing
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the highest photocatalytic activity due to its high surface energy and abundance of surface
defects [93,94]. The photocatalytic activity of ZnO is attributed to the formation of electron—
hole pairs upon the absorption of light with energy equal to or greater than its bandgap
energy. The photogenerated holes can oxidize water or hydroxide ions to produce hydroxyl
radicals, while the photogenerated electrons can reduce oxygen or organic molecules [95].
However, the recombination of electron-hole pairs limits the efficiency of photocatalytic
reactions, and various strategies have been employed to enhance the separation of photo-
generated charge carriers and improve the photocatalytic activity of ZnO, including doping
with transition metals, surface modification with noble metals or semiconductors, and use
of a heterostructure with other semiconductors [95,96].

Until now, various morphologies of ZnO nanomaterials such as nanorods, nanowires,
nanotubes, and hollow structures have been prepared [97]. ZnO nanomaterials are usually
prepared via different techniques including evaporative decomposition of solution [98],
solid state reaction [99], sol-gel [100], and so on. The preparation technique shows a
noticeable effect on the particle size and the morphology, which directly affects the physical
and chemical properties of the prepared ZnO nanostructured materials. As reported by
Singh et al., the morphology of ZnO nanostructures can be controlled by adding additives
or capping agents such as triethanolamine (TEA), oleic acid, and thioglycerol [101]. The
creation of ZnO nanostructures with different morphologies requires the application of
many surfactants, including sodium dodecyl sulfate (SDS), tetraethylammonium bromide
(TEAB), and cetyltrimethylammonium bromide (CTAB). The photocatalytic activity of ZnO
is significantly influenced by its structural morphology [102,103]. This influence stems from
the crystal structure, which facilitates the separation of charge carriers. However, some
studies have shown that non-spherical morphologies such as nanorods and nanowires
can also exhibit enhanced photocatalytic performance due to their unique crystal facets
and surface areas, which can promote charge transfer and improve catalytic efficiency.
Ultimately, the selection of a particular morphology for a photocatalyst relies on the
specific application and the desired properties. The flake-like structure, however, exhibits
comparatively lower performance [102].

Although a great deal of attention has been devoted to the photocatalytic activity of
Zn0, its photocatalytic activity suffers from the following drawbacks: (i) the large bandgap
of ZnO (3.37 eV), which inhibits light absorption in the UV (380 nm) range, which means
ZnO cannot absorb visible light, drastically lowering photocatalytic efficiency [104,105];
(ii) the degradation reactions at the semiconductor-liquid interface are slowed down by
the quick recombination of the charge carriers; (iii) the difficulties of using a traditional
filtration process to recover ZnO powder from a suspension; (iv) the propensity to clump
together during catalytic processes and the vulnerability to UV-induced corrosion; and (v)
photocorrosion is one of the main restrictions of ZnO as a photocatalyst for wastewater
treatment [106]. The following four phases describe how photocorrosion occurs [107].

2 _
Osurface + h\—FB - Osurface (29)
Ofurtace +30%™ +3hyp — 2(0 — 07" (30)
(0-0%") +2hiy — 0, (31)
27t — 2Zn2+aq (32)
The net equation for the photocorrosion of ZnO is shown below.
1
ZnO + 2hjp — Zn*" + 502 (33)

Therefore, the majority of ZnO photocatalytic studies have been carried out under UV
radiation. Recently, various studies have been conducted on utilizing ZnO with different
morphologies for the elimination of organic pollutants. To use as a photodegradation for
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MO dye, Bhatia and Verma [108] synthesized ZnO nanoparticles (ZnO NPs) with varying
defect concentrations by burning at 700 °C and subsequent quenching in air.

From FESEM images (Figure 10a—d), ZnO NPs are less than 45 nm in size, and an
uneven grain boundary distribution was discovered in the quenching-induced defects. The
improvement of the photocatalytic effectiveness of synthesized nanoparticles is greatly in-
fluenced by their various morphologies. The photodegradation of MO dye has been proven
to follow a first order model through kinetic analysis, with a rate constant of 0.0165 min~".
(Figure 10f). Additionally,, it has been reported that approximately 100% MO degradation
has been achieved in 150 min under UV irradiation (Figure 10e). Recently Dodoo-Arhin
prepared ZnO NPs using the sol-gel method, with zinc acetate as a Zn source [109]. The
effect of calcination temperature on the particle size of ZnO was investigated. As shown
in SEM, the obtained wurtzite ZnO NPs showed crystallite sizes ranging from 16 nm to
30 nm. Increasing the calcination temperature increases the crystallite size and reduces
the energy band gap of the obtained ZnO NPs. In addition, the prepared ZnO showed a
rice-like microstructure morphology (Figure 10g—i). The prepared ZnO NPs were utilized
as a photocatalyst toward the degradation of RhB dye under UV-light. The obtained anal-
ysis showed that ZnO NPs calcined at 400 °C obtained the highest degradation efficiency
(95.41%), as shown in Figure 10h.

ZnO NPs also showed important catalytic activity under solar illumination. For
example, ZnO NPs of various morphologies were developed by Saikia et al. [110] for the
photodegradation of malachite green (MG) (Figure 11a—d). Under solar light, the flower-
shaped homocentric bundles of hydrothermally synthesized ZnO nanorods (ZnO NRs)
in the form of pencil-like structures demonstrate outstanding photocatalytic activity, as
evidenced by the pseudo first-order kinetics of the Langmuir-Hinshelwood model in the
photodegradation of MG dye (Figure 1le,f). Additionally, ZnO NPs and homocentric
pencil-like ZNRs bundles in the shape of flowers were prepared.

Additionally, photocatalytic degradation of organic dyes by ZnO nanosheets (ZnO
NSs) was also investigated. For example, Komarneni et al. [111] used a simple, ultra-rapid
solution approach to create ZnO NSs with many oxygen-vacancy defects. The surface area
was significantly increased from 6.7 to 34.5 m? g~! by the addition of 1 mol L™ NaySOy.
With a rate constant of 0.0179 min~! under visible light (>420 nm), the as-prepared ZnO
NSs showed abundant oxygen vacancies, which are crucial for improving visible light
absorption and, consequently, high photocatalytic activities towards the degradation of
RhB. These rates were about 13 and 11 times higher, respectively, than those of ZnO NPs
with few oxygen defects.

Further enhancement with a rate constant k = 0.0421 min™" was achieved by hy-
bridized ZnO NSs with Ag;PO, nanoparticles. A synergistic effect of surface oxygen
vacancies and AgzPOy coupling was suggested by this augmentation, which was attributed
to the improved visible light absorption as well as the well-matched energy level that
is responsible for effective charge transfer between oxygen-vacancy-rich ZnO NSs and
AgzPO4. ZnO nanowires also display a significant superior photocatalytic activity toward
organic dye degradation. For example, by using a low-cost, low-temperature hydrother-
mal approach, Leprince-Wang et al. [112] demonstrated an effective synthesis of nontoxic,
biocompatible ZnO nanostructures only on the surface of commercially available concrete
and tiling pavements (Figure 12a—e).

The obtained data showed an enhancement in photocatalytic activity for degrading
organic dyes in aqueous media with high photocatalytic stability (Figure 12f-h).

The degradation of Acid Red 57 (AR57) under UV irradiation was studied further
by El-Bindary et al. [113]. In this study, ZnO nanowires (ZnO NWs) were prepared by a
low-temperature co-precipitation technique employing zinc sulfate as a precursor. After
190 min, the effectiveness of the photocatalytic degradation of ZnO NWs produced at 400,
500, and 600 °C was 90.03, 77.67, and 72.71%, respectively. Moreover, the degradation of
ARD5Y fitted first-order kinetics. Recently, the effect of several kinds of organic dyes as a
guiding agent for the formation of ZnO NWs was described by Yang et al. [114].
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Figure 10. (a) Low and high magnification SEM images of ZnO, (b) air quenched ZnO, (c) pho-
todegradation vs. irradiation time of MO dye for pristine ZnO and air quenched ZnO, (d) rate
constant for after 150 min of UV exposure (Adopted with permission from Ref. [108] Copyright 2017,
Elsevier), SEM images of ZnO calcined at (e) 400 °C, (f) 500 °C, and (g) 600 °C. (h) RhB degradation vs.
irradiation time and (i) the effect of the catalyst load on RhB degradation (Adopted with permission

from Ref. [109] Copyright 2019, Elsevier).
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after the growth of ZnO nanostructures. (d) SEM top-view of ZnO NWs on the tiling surface, (e) ZnO
NRs on the concrete surface, and (f-h) the photodegradation rate of MB, AR, and MO dyes vs. time.
Adopted with permission from Ref. [112] Copyright 2019, Springer Nature.
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EBT was found to effectively direct the growth of ZnO NWs, inhibiting their growth
along the c-axis direction. Additionally, the introduction of UV light during growth
significantly enhanced the photocatalytic degradation of EBT absorbed on the surface of
the ZnO NWs. ZnO NWs arrays grown on glass fiber cloth with a dominant exposed polar
(0001) facet exhibited superior photocatalytic performance compared to other arrays.

4.3. Copper Oxide Photocatalysts

Copper (II) oxide, also known as cupric oxide (CuO), is a naturally occurring p-type
semiconducting metal oxide. This is due to the presence of oxygen vacancy defects in its
crystal structure. CuO has an indirect small bandgap of 1.2 eV at room temperature [115].
Copper also exists in other polymorphs such as copper (I) oxide, commonly known as
cuprous oxide (Cuy0O), and copper (III) oxide (CusO3). CuO displays higher thermal stabil-
ity than CuyO, whereas CuyOs is a challenging metastable phase due to its mixed copper
atom oxidation state, making its synthesis problematic [116,117]. CuO is a brownish-black
powder that is used in various applications, such as catalysis, chemical and gas sensors,
superconductors, and energy conversion and storage devices, as well as in biomedicine and
textile production [118-120]. CuO has been extensively used as a heterogeneous catalyst in
diverse chemical processes such as the oxidation of carbon monoxide (CO), hydrocarbons,
and phenol in supercritical water, the selective catalytic reduction of nitric oxide with
ammonia, and the breakdown of nitrous oxide [121].

Furthermore, CuO has been investigated as a photocatalytic material [122]. Addi-
tionally, it has been reported how the bandgap of CuO nanostructures is influenced by
their morphology [123]. The subsequent section will demonstrate the effectiveness of CuO
nanostructures as a photocatalyst for eliminating organic dyes from aqueous solutions,
including an analysis of the removal mechanism and the impact of morphology on the
removal efficiency.

CuO nanostructures are among the interesting photocatalytic materials usually utilized
for the removal of various organic pollutants due to their high abundance, low cost,
narrower bandgap, excellent chemical stability, and facile synthesis [124]. The narrow
bandgap of CuO makes it active in the visible region of the electromagnetic spectrum.
To enhance the catalytic activity of CuO, HyO, is often added to the reaction mixture.
Hy0O; is a better electron acceptor than Oy, so it quickly captures the photogenerated
electrons from the photocatalyst’s surface, becoming reduced and forming hydroxyl radicals
(*OH) [125]. This is important for offering more active radicals, as well as reducing
the rate of electron-hole recombination, which boosts the utilization of holes during the
photocatalytic process. Without H,O,, CuO displays an inability to generate a sufficient
amount of *OH radicals, and thus CuO is considered as an ineffective photocatalyst for
degrading organic pollutants [126]. This is because the redox potential required to produce
*OH radicals is higher than the VBs of CuO. Thus, CuO has weaker oxidative capabilities
for the breakdown of organic contaminants and cannot produce hydroxyl radicals when
illuminated. There are many works that indicate that without H,O,, CuO in different
morphologies displays no catalytic activity, as reported by He et al. [127]. Recently Latief
et al. prepared CuO NPs with a range of sizes between 25 and 90 nm (Figure 13a,b) to
depredate CR dye from aqueous solutions. The analysis showed that the addition of H,O,
to CuO NPs significantly enhanced the degradation of CR dye under UV light, as presented
in Figure 13c. In addition, increases in H,O, result in improvements in the degradation
rate (Figure 13d).

CuO nanostructures with various morphologies, including flower-like, boat-like, plate-
like, and ellipsoid-like structures, were prepared and showed excellent catalytic activity
towards the degradation of MB. However, without H,O,, the degradation stopped after
15 h, highlighting the significant dependence of CuO nanostructure photocatalytic activity
on HyO,. Adsorption—oxidation—desorption is the postulated possible mechanism for the
photocatalytic degradation of dyes by CuO in the presence of H,O, under light illumi-
nation [127]. In this mechanism, various free radicals such as HO, HOO', and O'Z* are
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mainly responsible for the degradation of dyes. The first step is adsorption of dye and
HO; molecules on the surface of the CuO nanostructure. The second step involves the
decomposition of H>O; into free radicals (HO-, HOO, or O; ). These free radicals display
a high oxidative ability to oxidize the organic dye. The third step involves desorption of
the small molecules from the CuO surface, and finally the catalyst is recovered [128].
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Figure 13. (a) SEM image of CuO NPs, (b) histogram spectrum of CuO NPs, (c) effect and removal of
CR dye by UV/H;0;, and (d) effect of H,O, concentration in the degradation of CR dyes (Adopted
with permission from Ref. [125] Copyright 2023, MDPI).

Morphology is a critical factor that affects the photocatalytic activity of CuO nanos-
tructures toward the degradation of organic dyes. For example, Wang et al. reported that
CuO nanowires (Figure 14a,b) showed excellent catalytic activity toward the degradation of
RhB [129]. The CuO nanowires demonstrated a total degradation efficiency of 95.5% after
9 h of UV light irradiation (as shown in Figure 14c), which was significantly higher than
that of commercial CuO powders (which achieved only 39.6% degradation). In addition,
Sadollahkhani et al. investigated the photocatalytic performance of CuO nanoparticles
with various morphologies (as depicted in Figure 14d—f) for the degradation of CR dye
under UV illumination [130]. The decomposition of CR dye takes place on the surface
of CuO; thus, adsorption plays a critical role in the photocatalytic degradation. Samples
doped with Zn appear to have improved degradation performance (63%) according to the
photocatalytic examination of the degradation of MB dye (Figure 14g). The photocatalytic
studies revealed that the degradation of CR for nanorods was the highest among the other
prepared materials, with a total degradation efficiency of 67% after 210 min irradiation
(Figure 14h). Moreover, the CR degradation reaction follows a first order kinetics model
with the three CuO morphologies. On the other hand, Anandan et al. [131] prepared
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dandelion-like CuO microspheres with sizes of ~1-2 um through the ultrasound process
without any surfactants. The photocatalytic performance of the CuO nanoparticles that
were synthesized was investigated for the degradation of Reactive Black-5. The study
found that the CuO microspheres with a dandelion-like morphology exhibited excellent
photocatalytic activity, with approximately 76% of the dye degraded in just 5 h under visible
light exposure. The degradation reaction followed a pseudo-first-order kinetic model, with
a rate constant of 0.312 h~!. Recently, George et al. prepared flowers similar to CuO 3D
nanostructures doped with nickel, zinc, and iron (Figure 14h) [132].
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Figure 14. (a) TEM and (b) SEM images of CuO nanowires, (c) the photocatalytic efficiency of RhB
degradation on different catalysts in the presence of CuO nanowire catalyst (Adopted with permis-
sion from Ref. [129] Copyright 2012, Elsevier), (d—f) SEM images of different CuO morphologies,
(g) adsorption of CR on the surface of different morphologies of CuO [Initial CR concentration
is 20 mg L~!, dose of CuO is 0.05 g, and stirring time is 30 min] (Adopted with permission from
Ref. [130] Copyright 2014, Elsevier), and (h) photocatalytic degradation efficiency of MB dye using Ni,
Zn, and Fe-doped CuO (together with their SEM images) (Adopted with permission from Ref. [130]
Copyright 2021, Elsevier).
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Using NaBHjy as q reducing agent in an aqueous medium, Nazim et al. [133] recently
synthesized porous CuO nanosheets (Figure 15a) for use as a photocatalyst towards the
degradation of food dye. The optical energy band gap of the prepared CuO was found
to be approximately 1.92 eV. The CuO nanosheets were tested as photocatalysts for the
degradation of Allura Red AC (AR) dye and showed excellent photocatalytic degradation
efficiency of around 96.99% in just 6 min under visible light irradiation at room temperature
(Figure 15b,c). The photodegradation kinetics of AR followed a pseudo-first-order reaction
model, with a rate constant of 0.524 min—!. Additionally, the CuO nanosheets exhibited
remarkable recycling ability for AR degradation (Figure 15d).
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Figure 15. (a) FESEM images of CuO nanosheets, (b) UV-Vis spectrum of dye degradation at different
times, (c) gradual degradation histogram against time of the AR dye in aqueous medium, and
(d) recyclability of the CuO nanosheets after ten degradation cycles for AR dye. Adopted with
permission from Ref. [133] Copyright 2021, American Chemical Society.

4.4. Nickle Oxide Photocatalysts

NiO is a broad bandgap (3.6—4.0 eV) p-type semiconducting oxide. NiO has attracted
a lot of attention due to its application in numerous areas, including fuel cell electrodes,
battery cathodes, dye-sensitized solar cells, etc. [134-137].

In addition, NiO displays a promising ability to produce OH radicals and thus is a
potential candidate toward the degradation of organic pollutants. For example, Jayakumar
et al. [138] prepared NiO nanoparticles through a chemical precipitation method for use
as photocatalysts for the degradation of MB dye in aqueous media. The photocatalytic
degradation results showed that the NiO nanoparticles are potential photocatalysts for the
degradation of MB dye.

Saeed et al. utilized a chemical reduction process to prepare NiO NPs and NiO/nanoclay
nanocomposite (NiO/Nc) and evaluated their photocatalytic efficiency for the degrada-
tion of orange II dyes in aqueous solution [139]. According to the SEM examination, the
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NiO NPs were spherical with variable forms and diameters in the range of 100400 nm
(Figure 16a,b). The photodegradation investigation showed that, within 20 min, orange Il in
aqueous medium was degraded by the NiO NPs and NiO/Nc by 93% and 96%, respectively
(Figure 16c). Green methods are successfully applied for preparing NiO as a photocatalyst.
For example, using the antioxidant property of Punica granatum L. (pomegranate) juice
extract and its bio-reducing ability for MO breakdown in water, Barzinjy et al. [140] pre-
pared NiO NPs. The biosynthesized NiO nanoparticles displayed an active catalytic ability
toward the degradation of MO from media with a total degradation performance of 96%.
Furthermore, Sarani et al. [141] prepared NiO nanoparticles via a green method by using
extract as a stabilizing agent. The average crystal size of prepared NiO nanoparticles was
approximately 54-58 nm, and the estimated energy band gap was 3-3.7. The prepared
NiO nanoparticles were investigated as photocatalysts for degradation of acid orange
7 (AQO7) dye in aqueous solution under visible light. The NiO nanoparticles exhibited
excellent photocatalytic performance (90.2%) toward the AO7 dye and displayed excellent
re-usability several times. Table 1 summarizes different metal oxide morphologies and
their photodegradation performances.
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Figure 16. SEM image of (a) NiO NPs and (b) NiO/Nc composite, and (c) percent of degradation for
orange II dye. Adopted with permission from Ref. [139] Copyright 2022, Springer Nature.

Table 1. Summary of different metal oxide morphologies and their photodegradation performances.

Photocatalyst

Morphology Pollutant Degradation Conditions  Degradation Rate (%)  Ref.

TiO,

TiO; Nahowires

UV light
Time 80 min
Pseudo-first order
(k = 0.0098 min~—1)

75.00 [83]

MB

UV light
Time 80 min
Pseudo-first order
(k = 0.0426 min—1)

99.00 [83]

UV light

RhB Time 10 min

50.00 [84]
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Table 1. Cont.

Photocatalyst Morphology

Pollutant

Degradation Conditions

Degradation Rate (%)

Ref.

ZnO Nanoparticles

MO

UV light
Time 150 min
Pseudo-first order
(k = 0.01659 cm™1)

99.00

[108]

UV light
Time 160 min

95.40

[109]

ZnO

UV light
Pseudo-first order
(k = 0.014 min—1)

80.44

MG

UV light
Pseudo-first order
(k =0.017 min~1)

83.68

[110]

7n0 Naneflowett

2 EEm

MG

UV light
Pseudo-first order
(k =0.023 min~1)

90.87

[110]

CUO nanowires

UV light
Time9h

95.00

[129]

CuO

CR

UV light
Time 210 min

67.00

[130]
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Table 1. Cont.

Photocatalyst Morphology Pollutant Degradation Conditions  Degradation Rate (%)  Ref.

UV light
Time 210 min 48.00
CR [130]
UV light
CuO Time 210 min 12.00
UV-vis light
AR Pseudo-first order 96.99 [133]
(k = 0.524 min™1)
. UV-Vis light
NiO oI Time 20 min 96.00 [139]
WO;@400 °C
UV light
Time 160 min 11.00 [142]
<om
Woom0oc
« ‘\ (/ /
WO; ' MB UV light
‘ Time 16 min 14.30 [142]
'\\ ~
\ A =
UV light 20.00 [142]

Time 160 min
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Table 1. Cont.
Photocatalyst Morphology Pollutant Degradation Conditions  Degradation Rate (%)  Ref.
WO,;@300 °C
N .
WO; RhB Visible light 96.10 [143]

Time 240 min

4.5. Tungsten Oxide Photocatalysts

In recent decades, tungsten-based oxides (WOs3) have been the subject of substantial
research, with a variety of morphologies being exhibited. A twisted WOy octahedron
connects the crystal in the stoichiometric ratio of the WOj5 structure to generate a perovskite
crystal structure. Its crystal forms are hexagonal, orthorhombic, and monoclinic. At the
same time, oxygen vacancies and unsaturated, coordinated W atoms might arise from
the easy loss of the oxygen lattice. Consequently, there are numerous non-stoichiometric
compounds in tungsten oxide, including WO; 72, WO, 3, WO, g3, and WO, 9.

Among the low-cost semiconductors with potential photocatalytic activity is tungsten
oxide (WO3) [56]. Its highly adjustable stoichiometries and structures, together with its
Earth-abundance and strong sensitivity to the solar spectrum due to its low band gap
of 2.5-3.0 eV [144], make it a popular choice for photocatalysis under visible light [145].
Furthermore, WOs has stable physical and chemical characteristics, little toxicity, and a
strong capacity to oxidize valence band holes [39]. Nanoparticles, nanowires, nanosheets,
and nanospheres are among the frequently occurring morphologies. There are many
ways to produce different WO3; dimensions: 0 dimensional (0D), 1D, 2D, and 3D WOs3,
in that order. Characteristics vary among dimensions. It is possible to create 0D WOs3
monodisperse monoclinic WO3 quantum dots by breaking down the ammonium tungstate
oxide complex, which is created hydrothermally using hydrazine hydrate and WClg [146].
It is possible to carefully regulate the particle size distribution of WO;_, QDS within the
range of 1.3-4.5 nm by varying the reaction temperature [147]. 1D WOj3 is widely available
and simple to synthesize. Today, various structures of 1D WOj3 have been discovered, such
as those of nanofibers, nanotubes, nanorods, and nanowires. As for 2D WO3, thin films,
nanosheets, nanoplates, and so on, these have garnered a great deal of interest because
of their high surface volume ratio, surface polarization, modulated surface activity, and
oxygen-rich vacancies. The majority of 2D WOj5 structures are thin layers. As previously
reported by Yin et al., 3D WOj3 is a layered structure made of nanoparticles, nanoplates,
nanorods, and nanosheets. It can take the form of irregular structures such as mesoporous
structures, microspheres, micro flowers, and sea urchin-like formations. Typically, 3D WO3
displays high porosity, a large specific surface area, and a distinctive shape [148].

For photocatalytic applications, WO3 shows some advantages, such as its high physio-
chemical catalyst stability that is limited to photo-corrosion and has strong solar spectrum
absorption. Under UV-Vis light, WO3 is a highly reactive catalyst that effectively oxidizes
various organic and inorganic pollutants in wastewater. WOj is a photocatalyst with a
wide range of hues that can change from yellow to green to bluish to grayish depending on
its oxidation state. There are many techniques that have been used to enhance the catalytic
activity of WO;. For example, doping with other materials such as dyes to form dye-doped
WOs as reported by Tahir et al. [149], or doping with Pt to form Pt-WO3; composite [150].

One of the promising strategies is to design WOj3; with a different morphology, and we
will present the recent progress in utilizing WO3 with different morphologies in degradation
some organic dyes. Ojha et al. [142] used the sol-gel method to prepare WO3; nanorods
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and sheets in various crystal phases. As presented in Figure 17a, they showed that the
calcination temperature plays a critical role in the shapes and crystal phases of the WO;
nanostructures, and thus in the photocatalytic activity toward degradation of MB dye due
to the modified electronic structure, which causes a variation in the value of the band gap
(Figure 17b). The synthesized WO3 nanosheets showed improved photocatalytic activity for
the photodegradation of MB dye compared to WO3 nanorods (Figure 17c). The sheet-type
structure provides more active surface for the interaction of dye molecules compared to
the rods.
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Figure 17. (a) TEM images with various resolutions of WOj calcined at different temperatures,
(b) variation in band gap with calcination temperature, and (c¢) C/Co vs. UV irradiation time plot
for degradation of MB dye with W1 (at 400 °C), W2 (at 450 °C), W3 (at 550 °C), and W4 (at 550 °C).
Adopted with permission from Ref. [142] Copyright 2022, Springer Nature.

Yin et al. [148] prepared WOs3 photocatalyst through a hydrothermal process. The pre-
pared WO3 nanoparticles showed promising absorption of UV, visible, and near-infrared
(NIR) bandwidths. WO3; photocatalyst exhibited excellent catalytic activity toward the
degradation of MB. Furthermore, they confirmed that the temperature showed different
morphology (Figure 18a—d) and that the higher temperature displayed better catalytic activ-
ity (Figure 18e). Recently, Mzimela et al. [143] prepared highly agglomerated WO3 nanopar-
ticles through the facile acid precipitation method at various temperature (Figure 18f-h)
for degradation of RhB dye. The results showed that WO; calcined at 300 °C, 5g L~!
catalyst dose, 5 ppm RhB concentration, and pH of 9.5, while the catalyst showed an
excellent degradation efficiency of 96.1% after 4 h under visible light irradiation (Figure 18i).
Furthermore, the degradation kinetics obeys the L-H model, which describes heterogenous
photocatalytic surface reactions.
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Figure 18. (a,b) SEM images of WOj calcined at 150 °C, and (c,d) at 220 °C. (e) The photodegradation
profile of MB in the presence of the WO3 photocatalyst under NIR laser irradiation. Adopted with
permission from Ref. [148] Copyright 2022, Springer Nature. TEM images of WO3 particles calcined
at (f) 300 °C, (g) 500 °C, and (h) 700 °C, and (i) effect of catalyst loading on the photocatalytic
degradation of RhB at a pH 9.5 and 5 ppm RhB at a calcination temperature of 300 °C. Adopted with
permission from Ref. [143] Copyright 2022, Royal Society of Chemistry.

5. Conclusions and Future Perspectives

Due to the industrial revolution in the modern world, various pollutants are emitted
into the environment, both directly and indirectly. Thus, great efforts have been devoted to
develop advanced technology for the elimination of such environmental pollutants. One of
the most promising methods for meeting global needs in an environmentally responsible
manner is photocatalysis. Metal oxides are found to be potential photocatalysts because of
their affordability, effectiveness, and environmental friendliness. Furthermore, metal oxides
may be widely used in a wide range of applications because of their large surface area,
simplicity of fabrication, and sufficient supply. Moreover, metal oxides are abundant, highly
active, and could be prepared either through eco-friendly or conventional methods in large
quantities. Unfortunately, a few drawbacks prevent them from being used practically,
including a large bandgap, a high rate of photogenerated electron-hole pair recombination,
and catalyst deactivation. Therefore, various strategies have been developed to overcome
these limitations; one of these techniques is the design of metal oxides with unique mor-
phologies. The morphology of metal oxides displayed a significant influence on the overall
degradation performance, as indicated by shifting the photocatalytic degradation toward
various kinds of dyes in aqueous solutions. Therefore, in the current study, the recent
progress in the photocatalytic degradation of organic dyes by prominent metal oxides with
different morphologies is discussed. The metal oxide nanoparticles, namely, TiO,, ZnO,



Inorganics 2023, 11, 484 30 of 35

CuO, NiO, and WOs;, all are widely utilized for the photodegradation of various organic
dyes. The non-spherical morphologies such as nanorods and nanowires exhibit enhanced
photocatalytic performance due to their unique crystal facets and surface areas, which can
promote charge transfer and improve catalytic efficiency. Ultimately, the selection of a
particular morphology for a photocatalyst relies on the specific application and the desired
properties. The porous design and the substantial specific surface area are responsible for
the increased photocatalytic activity. On the other hand, the flake-like structure exhibits
comparatively lower performance.

In the future, its highly recommended to do more research to more deeply understand
the degradation mechanisms of metal oxides with different morphologies. Until now,
most of the prepared metal oxides with different morphologies were obtained by using
conventional methods on their appropriate precursors. Some of them are toxic or require
the use of a high temperature or organic solvents during the procedure, which is not
preferred for sustainability. Thus, it is important to find alternative, sustainable methods
for preparing these oxides with different morphologies. Presently, there are some studies
reporting the preparation of NiO using green methods; however, they are limited in number
and need to be more accurate, as well as to prepare other metal oxides such as TiO,, ZnO,
CuO, and WOs for organic dye degradation in aqueous solutions.
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