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Abstract: This review highlights current developments in utilising zinc oxide (ZnO) composite materi-
als as photocatalysts. Systematic analyses of the various synthetic methods for producing ZnO-based
hetero-structured materials, the variety of methods for their characterisation, their mechanisms of ac-
tion, and widespread applications for the degradation of pollutants are discussed. Structure/activity
relationships and methods of improving on some of the recognised shortcomings of ZnO-based
nanomaterial catalysts are also presented.
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1. Introduction

Modern agricultural production, chemical and allied industries, and urban growth
have contributed to contaminant discharge into natural waterways, including rivers and
lakes. Industrialisation and urbanisation are the key indicators of development. However,
they also serve as primary pollution sources, including many hazardous chemicals, fre-
quently contaminating freshwater (re)sources. Water is vital and essential for the sustenance
of life on earth, and only 2.5% of the available global supply is freshwater [1]. Industrial
effluents (from sources as diverse as the paper, food, ink, paint, rubber, cosmetics, and
textile industries) are grounds for concern because they harm ecosystems when discharged
untreated into water bodies [2,3]. Large quantities of coloured wastewater from the textile
and tanning industries are some of the principal contaminants of freshwater in many mid-
dle to low-income economies globally [4]. Over 1 x 10° different dyes are known globally,
with over 7 x 10° tonnes produced annually [5]. The azo dye class constitutes almost 70%
of this total, while anthraquinone-based ones contribute 15% of all the colour-bearing dyes
used in the textile and allied industries [6]. Table 1 highlights the classification, properties,
and pollutants associated with the common industrial dyes.

Dyes in water bodies can be toxic, and it is crucial to develop adequate protection
protocols for surface and groundwater [7,8]. Hence, appropriately specialised and cost-
effective treatment techniques for industrial wastewater are urgently needed, which is
necessary before their infusion into water bodies. It is cheaper to treat at the source than to
decontaminate polluted rivers, lakes, and dams, which may be difficult or near impossible
to achieve [9].

Table 1. Characteristics and category of common industrial dyes [10].

Dye Class Characteristics Pollution Contributor
Acidic Water-soluble anionic compounds  Colour, organic acids, unfixed dyes.
Basic Water-soluble used in weakly bright Not applicable.

acidic dye baths
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Table 1. Cont.

Dye Class Characteristics Pollution Contributor

.. 1 1 f fi
Water-soluble, anionic compounds Colour, salts, surfactants, unfixed

Direct used without mordant dyes, retard.ing agents; finish;
diluents.
Colour; organic acids; carriers;
Dispersive Insoluble in water d leveumg agepts; p}?os.phates; .
efoamers; lubricants; dispersants;
delustrants; diluents.
Colour; salt; alkali; unfixed
Reactive Water-soluble anionic dye dye;surfactants; defoamer; diluents;
finish.
Sulphur Organic compounds containing Colour; alkali; oxidising agent;
sulphur/sulphide reducing agent; unfixed dye.
Vat Chemically complex and Colour; alkali; oxidising agents;
water-insoluble reducing agents.

The common techniques that have been used to eliminate contaminants (colour in
wastewater, recalcitrant carbon-based pollutants, and those with low biodegradability) in-
clude flocculation/coagulation [11,12], sedimentation [13], ion exchange [14], use of molecu-
lar sieves [15], membrane filtration using reverse osmosis [16], membrane filtration [17], ad-
sorption processes [4,18], ozonation [19], chlorination [20], chemical precipitation [20], and
chemical/electrochemical techniques [21]. Moreover, most of these techniques require long
operation times, are expensive, and produce generous quantities of toxic sludge/product,
which are expensive to remove [22]. However, in the last thirty years, tremendous research
efforts on water clean-up have led to the development of advanced oxidation processes
(AOPs) for water purification [23]. The possibility of utilising available and sustainable
sunlight-powered photochemical AOPs makes it the most favoured wastewater remedia-
tion technique. AOPs oxidise contaminants quickly and non-selectively [24]. The AOPs
break down organic contaminants and destroy persistent organic compounds, especially
for low biodegradable wastes using reactive oxygen species (ROS) such as the hydroxyl
(*OH) and superoxide (O, °) radicals. These radicals are well-known ROS with 2.7 and
—2.3 eV oxidation potentials, respectively [9]. The oxidation potentials of most pollutants
vary from -1 to 2 eV. Therefore, an organic compound in a reactor containing ROS will either
be oxidised or reduced and broken down into mostly CO,, H,O, and mineral acids [25-27].
In general, AOPs include chemical, built on the Fenton reaction and peroxonation; photo-
chemical, based on H,O, and O3; photo-Fenton processes (H,O, / Fe?* /UV); heterogeneous
photocatalysis (semiconductors/UV); and sonochemical and electrochemical that include
anodic oxidation, electro-Fenton, and associated processes [9].

Specifically, heterogeneous semiconductor photocatalysis/photocatalyst (SCP), in
general, is cheap (no chemical reagents or electricity needed), green (no secondary process
products), and very effective for the elimination of contaminants. SCP is a well-known
method with the tremendous prospect of combating contaminants in water or air [28].
There is a growing interest in the search for efficient heterogeneous photocatalysts that
include TiO; [29], ZnO [30], ZnS [31], ZrO; [32], semiconductor-graphene, perovskites [33],
MoS, [34], WOs [35], CdS [36], and Fe;O3 [37]. ZnO and TiO; are non-toxic, cheap, and
stable with efficient photocatalytic activity; hence, they are the most researched SCP [37].
As a result of their low cost, stability, and high oxidative ability, the use of ZnO and TiO; in
photocatalysis has developed immensely [38,39].

An ideal photocatalyst must be inexpensive, safe, and activated by visible/solar light.
Most recently, ZnO has become the SCP of choice; in fact, the photodegradation activity of
ZnO (band gap of 3.37 eV) on methylene blue is four times more efficient than TiO, [30]
under ultraviolet (UV) irradiation. ZnO is an attractive SCP for various applications [40,41]
given its hardness, stability, low toxicity, optical transparency, enormous excitation binding
energy (~60 meV—which ensures efficient excitonic UV emission), and piezoelectric prop-
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erties [42—44]. ZnO has been proposed as a TiO, replacement because of its efficient solar
spectrum utilisation. Furthermore, ZnO has a higher quantum efficiency [45], with higher
electron mobility [200-300 cm?/(V's)], as compared to TiO (0.1-4.0 cm?/(V's)), coupled
with the fact that it absorbs a higher portion of the UV spectrum, leading to better pho-
tocatalytic performance [41,45]. ZnO is better than TiO, in the photocatalytic breakdown
of fungicides under sunlight irradiation [46], and other desirable properties are further
highlighted in Table 2. However, the band gap of ZnO, on the other hand, does not match
the wavelength of visible radiation; it occurs exclusively in the UV region. That means
only a small portion of the total solar light radiation is utilised, making photocatalysis
with ZnO an impracticable method at an industrial scale [23]. Hence, the effectiveness of
a ZnO process is low due to the poor utilisation of visible/solar light, its large band gap,
low quantum efficiency, health hazards involved in the operation of a UV plant, and fast
e~ /h* recombination, which are all considered practical bottlenecks for its mass utilisation,
thus requiring the development of more effective methods for its widespread adoption as
an SCP.

Table 2. Desirable properties of ZnO in heterogeneous catalysis.

S/N ZnO Properties Ref.
1 Higher efficient photocatalytic activity compared to TiO,. [47-49]
2 High electron mobility and lifespan. [50]

ZnO possesses relatively lower production costs and easy fabrication into a
3 variety of nanostructures that include nanowires, nanoribbons, nanobelts, [51]

nanocombs, nanospheres, nanofibers and nanotetrapods.
There is a general reduction of the recombination of electrons and holes by the

4 surface states as well as their high surface-to-volume ratio, ZnO nanotetrapods [49]
showed enhanced photocatalytic activities.
5 Zn based compounds are biocompatible with the functions of the human body. [52]

Much research has been conducted to alter its structure and properties to decrease
the recombination speed of the photogenerated charges and make it easily stimulated by
visible light [53]. These alterations include, but are not limited to:

(i) Doping with metals and non-metals;

(ii) Coupling with other semiconductors;
(iif) Surface deposition of conducting metals;
(iv) Coupling with carbon materials.

For a comprehensive review of other wastewater treatment methods besides AOPs,
see [1] and for a review of the development and fabrication of ZnO nanoparticles for
wastewater treatment using visible/solar-photodegradation, especially its mechanism
before 2018, see [53]. This review focuses on recent developments covering mainly the
period after 2019, although for context, key background reports from earlier periods are
provided where that is deemed necessary. The areas covered are the synthetic strategies,
characterisation, and mechanisms of action for ZnO-based compounds applied in visible
light photocatalysis. The various techniques that researchers have developed for the
alteration/enhancement of the structure of ZnO to improve its properties and ability to
degrade organic compounds, especially dyes, are highlighted.

To contextualise the present review, a 2020 search of SciFinder Scholar® (Chemical
Abstract Service; Columbus, OH; USA) with the terms “photocatalyst + dye” returned a
hit of about 9944 manuscripts covering twenty years (2001-2020). Similarly, a search with
the keyword “Vis photocatalyst + dye” returned only 2386 manuscripts, and a search with
“UV photocatalyst + dye” returned 1313 for the same period. This highlights a renewed
interest of the scientific community in developing new Vis active photocatalysts, whereas a
search of “ZnO Vis photocatalyst + dye” returned only 246 manuscripts, suggesting that
the use of ZnO is under-researched as a semiconductor photocatalyst. The breakdown is
shown in Figure 1.
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"ZnO UV light
photocatalyst + Dye"
(2020-2006)
0.83 %

"UV photocatalyst +
Dye"
(2020-2001)
9.31 %

"ZnO VIS photocatalyst + "ZnO VIS
Dye" (2020-2006) photocatalyst + "ZnO VIS
— 1.74 % Dye" (2020) || photocatalyst + Dye"
0.22 % (2018)
0.13 %
"ZnO VIS photocatalyst
+Dye" (2019)
0.33 %

"VIS photocatalyst +
Dye"
(2020-2001)
16.92 %

"Photocatalyst +Dye"
(2020-2001)
70.52 %

Figure 1. SciFinder Scholar® results with several “photocatalyst + dye” search keywords.

2. Synthetic Strategies for the Preparation of ZnO Nanocomposites for Improved
Photocatalytic Activity

There are many methods of fabricating ZnO nanostructured materials, including
solution-based and vapour-phase methods. However, some of the challenges with most
solution-based preparation procedures are: (i) reproducibility due to the constraint of using
metal salts of variable purity, (ii) the slow rate of crystal growth, and (iii) the necessity of
shaping agents for well-regulated morphologies. Most synthetic strategies for Vis/solar
light-responsive semiconductors aim for a reduction in the band gap energy and the effec-
tive separation of the photogenerated (e~ /h*) charge carriers. These two properties rely on
the particle dimension of the semiconductor, its crystal phase, and degree of crystallinity,
hence, the need for shaping agents [54] that produce increased specific surface areas for
self-assembled nanoporous materials [55]. Controlling synthesis conditions ensures the
fabrication of semiconductors with the desired photocatalytic properties. Some of the
available methods for the solution-based synthesis of ZnO nanoparticles are sol-gel [56],
chemical [57], precipitation [58], hydrothermal [59], microwave [60], and solvothermal [61]
methods. It is important to highlight that the key advantage of the solution-based synthetic
methods is their ease of implementation at a low cost with no need for sophisticated equip-
ment. Mainly, reactions are conducted at ambient temperatures, hence, saving on energy
costs. On the other hand, vapour-phase methods include thermal evaporation [62], pulsed
laser deposition [63], physical vapour deposition [64], molecular beam epitaxy (MBE) [65],
and others. The photocatalytic activity of ZnO nanoparticles is highly dependent on the
starting materials and the fabrication conditions [66]. Many current preparation methods
and reagents for controlling particle size and shape at the nanophase are still experimental
bottlenecks. Nonetheless, some of the more promising current procedures for fabricating
ZnO nanoparticles are discussed below.

2.1. Sol-Gel Method

The sol-gel procedure is the most important wet-chemical technique for fabricating
ZnO nanoparticles. The procedure is simple, inexpensive, and produces materials of high
homogeneity and purity. Some disadvantages include a long processing time, contraction
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during processing (may cause cracks), and residual (hydroxyl and/or carbon) groups,
which is important because the morphology of the catalytic surface significantly affects
the photosensitivity of sol-gel-derived ZnO thin films [67,68]. Therefore, research has been
ongoing to fine-tune the microstructure (size and morphology) [69], homogeneity [70], and
optical response efficiency of ZnO semiconductors through these solution-based syntheses
protocols. A good example is the reported link between the shape and size of the ZnO
nanoparticles and the concentration of surface hydroxide (OH") ions [71,72]. Hence, semi-
conductor shape controllers and capping agents were routinely added to the recipe [73-75].
However, it must be noted that a high photocatalytic performance has also been reported
in the sol-gel synthesis of ZnO without a capping agent [69]. Similarly, high-temperature
treatments are beneficial for the attainment of high crystallinity (minimum bulk defects),
thereby favouring photocatalytic performance.

In the sol-gel method, metal alkoxide precursors undergo hydrolysis to form a colloidal
suspension (sol). When the solvent is removed, a very porous and lightweight material
called aerogel is produced (Equations (1)—(4)).

Zn** + 20H™ — Zn(OH), 1)
Zn(OH), — ZnO + H,0 )
Zn(OH), + 20H™ — [Zn(OH)4]>~ (3)
[Zn(OH)4]*~ — ZnO + Hy,O + 20H ™~ (4)

Kalisamy et al. [76] have described the fabrication of a ZnO-embedded S-doped
graphitic carbon nitride (g-C3N4) heterojunction nanocarbon material with a good reduction
of charge carrier recombination and high photocatalytic breakdown of dyes that was
achieved via a mediator-free Z-scheme mechanism. Only 50 mg of the material was
required to completely remove the 10 ppm initial concentration of dye pollutants [76].
Shemeena et al. [77] prepared similar ZnO/g-C3Ny material utilising the sol-gel technique.
Here, the g-C3Ny was prepared using melamine, and the ZnO/g-C3Ny material was
prepared by adding a few grams of the g-C3Ny to a ZnO sol and then the suspension was
stirred, dried, and treated at 300 °C. This synthetic strategy resulted in a reduced band gap,
offsetting the drawbacks of pristine ZnO. Thus, the ZnO/g-C3Ny catalyst achieved 100%
degradation of Congo red (10 ppm) in 120 min.

In addition, Wu et al. [78] described the sol-gel preparation of a ternary ZnO/Fe3zO4/
g-C3Ny4 composite material that photodegraded three different dyes. In preparing the com-
posite, a few grams of ZnO/Fe;O3 and melamine with a mass ratio of 1:1 were pulverised
and then dispersed in deionised water under sonication. The dried materials were annealed
at 550 °C. The ternary magnetic composite material was recyclable and the photocatalytic
performance was attributed to a redshift in its absorption edge. Similarly, a heterojunction
of AglO4/Zn0O with efficiently separated photoinduced charges was prepared following
the sol-gel approach. The materials were obtained by mixing known volumes of a AgNOs
solution with a prepared ZnO suspension. Then, a known amount of a NalOj3 solution
was added in drops with strong stirring and the suspension was filtered and dried. The
photoreactivity of the AglO4/ZnO in the removal of the dyes was three times better than
the pristine ZnO with 100 mg of the catalyst removing 98% of indigo carmine and 81% of
rhodamine B dyes [79].

In addition, the overall photocatalytic performance of the ZnO semiconductor was
improved when some carbon-based material, such as reduced graphene oxide (rGO) [80],
carbon nanotube [81], or graphene oxide (GO), was utilised [77]. In this regard, Zhu
et al. [56] prepared an Fe-Cu-ZnO/GO composite that exhibited good adsorption and
photodegradation of dyes. The authors used the sol-gel technique to combine Fe and Cu
with ZnO in a heterostructured material in which C1gH>9NaO3S was used as a shaping
agent to control crystal growth. Graphene oxide was used to produce the gel that was dried
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and treated at 400 °C to produce the Fe-Cu-ZnO/GO composite. The composite removed
99% of dark green dyes from contaminated water in 90 min.

2.2. Chemical Precipitation/Co-Precipitation

The method involves reacting precursor components in an appropriate solvent with
a dopant added before precipitation occurs. Chemical methods involve precipitation
from inorganic or organic solutions with an easy control of the nucleation, growth, and
ageing of the solution. Its advantages include the easy control of particle size, composition,
simplicity, and low-temperature processing, which may not involve an organic solvent.
Some disadvantages of co-precipitation include:

Impurities that may precipitate with the product;

Time-consuming processes;

Not applicable to uncharged species;

Lack of batch-to-batch reproducibility;

The difficulty encountered with handling components that precipitate at different rates.

Due to these shortcomings, the chemical precipitation method has been combined
with other methods. Oppong et al. [75] have used the co-precipitation technique to prepare
Vis active La-doped ZnO/GO nanostructured materials. In this synthetic approach, the La-
doped ZnO was decorated on graphene oxide sheets to produce an advanced photocatalyst
that overcame all the inherent deficiencies of unmodified ZnO. The material owes its
efficient photocatalytic performance to doping with the lanthanum up to an optimally
determined concentration, as higher amounts increased the recombination rate of the
photoinduced charge carriers. Most importantly, the graphene oxide acted as an adsorbent
for the eosin yellow dye, an enhancer of electron transfer, and an extender of visible
light absorption. The study identified *OH and O, * as the radicals responsible for the
photodegradation of the dye. TOC analysis further confirmed the complete mineralisation
of the dye. The degradation was 3.2 and 4.5 times slower in the presence of 2-propanol and
benzoquinone (as radical scavengers), respectively. Within 210 min, the catalyst removed
100% of 20 ppm of the dye in water [75].

Praveen et al. [82] used the sol-gel method to synthesise ZnO nanoparticles decorated
with Ag nanoparticles to remove toxic methylene blue and Cr(VI) from aqueous solutions.
The ZnO-Ag composites were prepared by the addition of a few grams of ZnO to an
N![3-(trimethoxysilyl)propyl]diethylenetriamine (TPDT) solution containing AgNOj3, with
the resultant solution then reduced and stirred strongly at room temperature. All the
materials with varying concentrations of the TPDT/ZnO-Ag showed a redshifted Vis
absorption edge, implying that the interaction of the TPDT matrix and Ag nanoparticles
with ZnO shifted the band gap of the ZnO into the visible light region. Hence, 20 mg of
the catalyst completely removed 1.5 x 107> M aqueous solution of the dye pollutant in
60 min. In another work aimed at circumventing some of the problems inherent in the
synthetic methods presented thus far, metal complexes were used to produce innovative
hybrid materials via controlled morphology growth and band-gap expansion. There
was no need for a stabiliser to direct growth. Hence, Sarmah et al. produced a zinc-
sodium acetate complex (C3,Hi034NagZny) from a combination of zinc (ZnC4HgO4) and
sodium (C,H3NaO;) acetates in a 1:2 molar ratio in methanol at ambient temperatures.
Hydprolysis reactions with hydrazine hydrate in methanol under hydrothermal conditions
at 150 °C were done to produce metal hybrid materials (5-1, S-2, and S-3) as hybrids with
Cu, Ag, and Au, respectively [83]. In addition to FI-IR spectral analysis, the AAS data
confirmed the success of the metal exchange reactions, and the Zn!!, Cu” and Ag® were
confirmed in samples of S-1 and S-2 from X-ray photoelectron spectroscopic (XPS) analysis.
Under Vis irradiation, 20 mg of the prepared photocatalysts completely degraded 100 ppm
concentration of various organic pollutants through H,O, generation from H,O and O,.
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2.3. Chemical Precipitation/Co-Precipitation Incorporating Other Techniques

Researchers occasionally incorporate other techniques into chemical precipitation.
Zarrabi et al. [84] prepared ZnO/GO by precipitation using sonication. When ultrasound is
applied to a solution, it causes simultaneous compression and expansion, creating cavities
in the liquid [85]. However, the calcination process (>400 °C) removes the cavities, affect-
ing particle dispersion, homogeneity, and morphology. The group indicated that using
ultrasound in the synthetic process improved the performance of the photocatalyst. Im-
provements include a higher surface area, larger pore volume, narrow and uniform particle
size distribution, and better Vis sensitivity; all of which enhanced catalyst performance and
the successful removal of dye pollutants by degradation [84].

A mixed metal oxide (ZnO/MgO, 0.5 M/0.5 M) nanomaterial prepared by
co-precipitation achieved good photocatalysis under Vis irradiation with good antibacterial
properties for the degradation of wastewater from textile dyeing. A hierarchical CuO/ZnO
p-n heterojunction nanomaterial (p-CuO and n-ZnO) synthesised by Bharathi et al. [86]
facilitated the efficient transfer of electrons from one semiconductor to the other despite the
lattice mismatch and small chemical interaction. The study reported that the CuO/ZnO
materials degraded methylene blue under Vis irradiation. Similarly, Santos et al. [87] used
a combination of chemical and co-precipitation techniques to prepare heterostructured
Ag/Zn0O nanomaterials for the degradation of methylene blue and reactive black 5 textile
dyes. Other studies in which co-precipitation methods were used to achieve ZnO Vis active
catalysts for dye degradation are listed in Table 3.

Table 3. Catalysts prepared by co-precipitation.

. Composite . .
Precursor Reac'tl'on Morphology Photocatalyst/ Cate'llyt‘lc Catél}ftlc Enhancements Ref.
Conditions of Product(s) D Application Activity
osage
Zinc acetate
dehydrate, Platelets-like
cadmium hexagonal Methylene Reduced band
. o . ZnO-CdS- . .
chloride Precipitationand  wurtzite ZnO, Cdo blue and 95% in gap, improved. [58]
monohydrate calcination hexagonal CdS (50 mg) rhodamine B 120 min. photocatalytic
and sodium and cubic CdO & (2 x 107> M) efficiency.
sulphide phases.
nonahydrate
Zinc nitrate . .
hexahydrate, Flake like Methylene 47 times better Reduced charge
o shaped Cu/ZnO/Dopant than ZnO ;
copper(II) Co-precipitation . blue carrier [88]
: wurtzite (500 mg/L) under solar ..
nitate (0.015 M) . L Recombination.
. Cu/ZnO. irradiation.
trihydrate
Hexagonal
Zinc acetate st‘llr\:gtlzrléeof N-doped Reduced band
dehydrate, Prec1p1tat1.0n /wet N-ZnO densely ZnO/GO Brilliant green 100 A). in 90 gap & reduced [89]
urea and chemical ked h (20 ppm) min. charge
raphite flakes packed on the (G0 mg) recombination
& surface of GO ’
nanosheets
Zinc acetate Spherical
dl-hydrat.e and R shap e.d Gd-ZnO Methylene o . Reduced charge
gadolin- Co-precipitation crystalline (25 mg) blue (10 ppm) 93% in 90 min. recombination [90]
ium(III) nitrate wurtzite & pp ’
hexahydrate Gd-ZnO

2.4. Hydrothermal Methods

The hydrothermal procedure has become the method of choice in recent times. As
a reaction procedure with a high control of the temperature and pressure conditions in
an autoclave (pressurised steel vessel lined with/without Teflon), it allows for the careful
control of the crystallite size and form. In addition, the nature of the thermal treatment and
precursor solution used determines the strength of the interfacial adsorption, surface area,
and morphology of the material [91,92].
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Zhang et al. [93] fabricated a graphitic C3Ny-ZnO@graphene aerogel (g-C3Njy-
ZnO@GA) nanomaterial by adding sonication to the hydrothermal method. Hence, a
few grams of graphene oxide and zinc nitrate in deionised water was sonicated, and then a
known amount of g-C3N4 was added to the suspension before hydrothermal treatment and
final freeze-drying. The high catalytic performance was ascribed to its ability to suppress
the recombination of photoinduced e~ /h* pairs due to their efficient transfer across the
heterostructure. An amount of 5 mg of the hybrid catalyst with a high adsorption capacity
and superior photocatalytic activity removed up to 83% of 20 ppm of organic pollutants in
150 min [93].

Similarly, Zhang et al. [94] successfully prepared a ‘pompon-like” structured g-C3Ny/
ZnO composite photocatalyst using a two-step method. SEM analysis revealed that the
heterojunction formed by the g-C3N4 nanosheets was wrapped (not 100%) around the
spherical surface of ZnO. The prepared catalyst g-C3N4/ZnO successfully degraded rho-
damine B dye.

The chemical composition of a material often determines its electronic properties. The
coordination structure of ZnO may be altered by replacing (doping) some metallic Zn atoms
with other atoms of choice in the structure. This changes its optical behaviour to improve
its photocatalytic response and integrity. Gaurav et al. [95] prepared the Cu ion-doped
ZnO material via the combination of zinc nitrate and copper acetate solutions in deionised
water, with the pH adjusted before hydrothermal treatment. The study reported that the
shift in the optical band gap energy (as low as 3.11 eV) to longer wavelengths is directly
related to the concentration of Cu ions in the lattice of the Cu:Zn material.

Venugopal et al. [96] reported the fabrication of the ZnO-AggS hybrid material using
a three-step method that included spin coating, a hydrothermal method, and successive
ionic layer adsorption reaction (SILAR). SILAR is a simple and cheap thin-film deposition
method for the fabrication of composite materials. In this method, the substrate was
spin-coated, subjected to hydrothermal treatment and, finally, SILAR. The substrate was
then washed with water to remove any species that are loosely bound to the surface.
The thin film efficiently degraded rhodamine B dye. The high efficiency resulted from
the dual beneficial effects of the photocatalyst and the electric potential between the two
semiconductors [96]. In addition, Karunakaran et al. [97] prepared nanodiscs with cubic
ZnFe;Oy as the core and face-centred-cubic Ag-deposited hexagonal ZnO as the shell.
The ZnFe;O4/ Ag-ZnO composite exhibited surface plasmon resonance in the Vis region
due to the silver ions. The nanodiscs were superparamagnetic, with the surface area,
pore volume, and pore radius reported as 26.83 m? g~!, 0.082 cm® g~!, and 4.88 nm,
respectively. The combined solution of ZnFeO, and polyethylene glycol was sonicated,
then zinc nitrate and silver nitrate solutions were added, and the pH was adjusted before
microwave treatment. The catalyst exhibited excellent photocatalytic performance [97]. In
another study, carbon-doped zinc oxide (C-ZnO) was found to alter the photoresponse of
ZnO to the Vis region by altering its band structure. It also improved the photocatalytic
performance of the catalyst by reducing the recombination speed of photogenerated charges
and photocorrosion. BiVOy is a catalyst operating in the visible region with a small band
gap energy of 2.4 eV, which suffers from a high recombination speed of e~ /h* charges. A
composite C-ZnO/BiVO, was prepared to improve the catalytic properties for the efficient
degradation of methylene blue under Vis irradiation. The ZnO and C-ZnO were prepared
from zinc acetate, sucrose (carbon source), and CTAB in deionised water and subjected to
hydrothermal treatment, respectively. Then, the obtained precipitate was calcined. Whereas
the BiVO,4 was prepared by the hydrothermal method from a bismuth nitrate solution
and ammonium metavanadate in HNO3 and CTAB, the C-ZnO/BiVOy4 composite was
synthesised by vigorously mixing the as-synthesised BiVO, and the C-ZnO in deionised
water. The suspension was ultrasonicated, centrifuged, and dried [98]. As a photocatalyst,
75 mg of the material removed 100% of 10 ppm of the methylene blue dye in 50 min.

Other ZnO nanostructures fabricated by the hydrothermal method or combined with
other techniques are summarised in Table 4.



Water 2022, 14, 3899

9 of 34

Table 4. ZnO nanostructures prepared by hydrothermal methods.

Fabrication Composite Photo- Catalytic . . .
Method catalyst/Dosage Application Catalytic Activity =~ Enhanced Factors Ref.
Zn0O/ Cu1.31204 + MO, RhB & CR 75% RhB in Larger sgrface% area,
Hydrothermal potassium (1.0 x 105 M) 210 min heterojunction [59]
persulfate/100 mg ’ formation.
Good charge
Hydrothermal ~ Cu-ZnO (50mg) MO (0.02mM)  99.50% in 150 min tram%i;duced [95]
recombination.
Hydrothermal,
UV-C ZnO—Pt (1. X 1cm MB (10 uM) 90 min Reduceq chgrge [99]
. thin film) recombination.
photoreduction
Microwave- . o o
assisted Zn0, CdO (10 mg) Ahzarmrﬁ)ed (10 92 /07 ét Ii(l) n/o in mSQl;rf}?gcleo& [100]
hydrothermal PP P &Y:
Good charge
o . transfer & reduced
Hydrothermal Au-ZnO (60 mg) MB (10 ppm) 100% in 75 min charge [101]
recombination.

2.5. Microwave Synthesis Methods

The microwave method applies high-frequency electromagnetic waves (900-2450 MHz).
Microwave synthesis causes simultaneous nucleation and growth, provides even heat
distribution, decreases overheating, and prevents an undesirable phase-contrast which
is common with hydrothermal techniques. Microwave energy is used to synthesise nu-
merous ZnO nanoparticles. High crystallinity (minimum bulk defects) results from high-
temperature treatment in solid-state reactions. However, it can cause the agglomeration of
smaller particles, and decrease the active surface area. In general, catalytic performance
increases with an increasing active surface area and crystallinity; and enhancing these
important features simultaneously is quite challenging [29]. Based on these and other
parameters, Manjunatha et al. [102] applied the Taguchi strategic method for the analysis of
variance (ANOVA) and Grey relation analysis to prepare ZnO nanoparticles using predicted
best conditions. Under the various experimental conditions, the best photocatalyst with a
maximum degradation efficiency of the pollutant was identified. The research reported
that: (1) a trivalent metal ion (AI®*, Fe**, Cr®*)/ZnO nanocomposite material synthe-
sised via the microwave-assisted solution combustion technique yielded the best catalyst,
(2) crystallite size is mainly affected by the treatment temperature, and (3) with a contribut-
ing factor of 85.77%, the type of dopant had a primary influence on the band gap. The
group reported that the best catalyst achieved an 89% removal rate of the methylene blue
dye in 160 min. The combination produced a photocatalyst with a crystallite size of 46.96
nm and a band gap of 3.05 eV [102].

In another example of the microwave synthesis of a ZnO nanostructure, Saad et al. [103]
reported the synthesis of a chitosan/ZnO and a chitosan/Ce-ZnO nanocomposite ma-
terial. In synthesising the composite, zinc nitrate and chitosan in deionised water were
stirred vigorously, with the pH adjusted to form a suspension that was microwaved. The
chitosan/Ce-ZnO (doped with 1% cerium) was prepared by following a similar procedure
with the addition of Ce(NQO3); at the first step. The composites had reduced band gap
energies and exhibited good stability and reusability up to the fifth cycle with minimal
reduction in photocatalytic performance.

Vignesh et al. [60] investigated the antibacterial and photocatalytic effectiveness of a
polyvinylpyrrolidone (PVP)-capped Cd/Ag/ZnO nanocomposite fabricated by the use
of microwave-aided precipitation. Silver nitrate, cadmium nitrate, zinc nitrate, and a few
grams of PVP were dissolved in ethanol and deionised water, then precipitated with NaOH
and microwaved. The obtained material was then sonicated, dried, and subjected to a
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high-temperature treatment. This synthetic approach prevented grain growth, but the
lattice and cell parameters were slightly enhanced. When applied as a photocatalyst, the
material completely degraded the methylene blue dye and showed good recyclability up
to the fifth cycle with good stability.

2.6. Other Relevant Methods

Despite the wide variety of available nanoparticle synthesis methods, research has
continued to evolve to produce catalysts with predefined properties through the combina-
tion and modification of existing ones and the development of novel routes. Other relevant
methods for the fabrication of visible-light-driven ZnO photocatalysts are summarised
in Table 5.

A highlight is the work by Gonzélez-Casamachin et al. [104], who reported a ZnO
on polypyrrole (PPy)-composite material synthesised by combining precipitation and
polymerisation techniques. For the ZnO, solutions of ZnCl, and a surfactant in deionised
water were mixed vigorously, precipitated using NaOH, and dried. While for the ZnO/Ppy,
the ZnO nanoparticles, sodium dodecyl sulphate, and pyrrole in ammonium persulphate
(for the polymerisation reaction) were thoroughly mixed. Methanol was then used to
precipitate the ZnO/Ppy. The photocatalyst achieved a 66% TOC removal of the acid violet

7 pollutant dye in a continuous reactor system.

Table 5. Other methods of synthesis and applications of ZnO-based photocatalysts.

S/IN Fabrication Method Catalyst/Type/Dosage Catalytic Application iﬁﬂigf Enhanced Factors Ref.
. o . Charge separation by
1 Solvothermal BiOCl1/ZnO (50 mg) RhB (10 ppm) 100% in 15 min heterojunction. [61]
Thermal oxidation, CuO/CuS/ZnO o . p—njunction, reduced
sulfidation & hydrothermal (1 em x 2 cm foam) RhB (5 ppm) 93.20% in 160 min charge recombination. (621
Pulsed laser ablation/ Synergistic effect between
3 o ZnO/Au/Pd (0.5 mg) MB (5.0 x 1075 M) 97% in 180 min the ZnO, Au and [63]
Photodeposition
Pd metals.
. Increased ratio of ZnO,
Fungal—s:ecreted enzymes CuO/ Zn0/binary MB (10 ppm) 97.00% in 85 min increases particle size, [105]
and proteins/sol-gel process oxide (40 mg) . -
improves efficiency.
Vegetable waste extracts as Nﬁ?;?iﬁ?ﬁitnz_n
5  potential structure-directing ZnO-CuO (25 mg) MB (0.001 M) 95.60% in 120 min ) [106]
nts allowing better
age e~ /h* separation.
. o . Enhanced charge
6 High-energy ball milling Ni CO_C(IS(I]D :1:1 l)kl-ZnO MO & CR (10 ppm) 10%{; nl\i[l(r? m separation and visible [107]
& light response.
Surfactant-assisted o . . Enhap ced chaljg‘e
7 hvdrothermal method ZnO and g-C3Ny (1 g) MB & RhB (10 ppm) 97% MB in 50 min separation and visible [108]
Y light response.
Chemical bonding
_ - g 4 o . promotes light absorption
8 One-pot recrystallisation ZnO-SWCNT (130 mg) MB (7.9 x 107* M) 100% in 120 min and reduced charge [109]
recombination.
o o Reduced band gap &
9  Jetnebuliser spray pyrolysis Zno/t}gﬁ_r(fﬁfg/ Ag/ MB & MG (1 x 107° M) % /09((% rrg1?n/o m reduced charge [110]
recombination.
o . Reduced band gap, good
olvent-free synthesis ) x 10~ ‘:, . . charge transfer & reduce
10 Solvent-free synthesi ZnS Zg%/f?phene MB&MO (1 x 105 M 99%/‘12%3‘211&; harg fer & reduced  [111]
& = charge recombination.
Higher specific surface
11  Parallel flow precipitation Fe-ZnO (50 mg) RhB (10 ppm) 84% in 120 min area & charge separation  [112]
efficiency.
The synergy between
12 Low-temperature Chl-Cu/ZnO (30 mg) RhB (60 ppm) 99% in 120 min chlorophyll and Cu [113]

precipitation

improved visible light
response.
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3. Characterisation Techniques and Structural Analysis
3.1. General Structure of ZnO

The bonds in a ZnO semiconductor are tetrahedrally bound, giving it similar electronic
properties to diamond, zinc blende (cubic ZnS), wurtzite (hexagonal ZnS), and chalcopyrite
(CuFeS;) [41]. The electronic configuration of zinc blende and wurtzite are almost undistin-
guishable. Although this is typical of covalent sp3-hybridised bonds, the bonds between
the Zn?* and O contain a significant ionic component [44]. As shown in Figure 2, ZnO
is a binary compound that primarily crystallises in a tetrahedrally coordinated wurtzite-

type assembly sharing a crystal structure with rock salt (NaCl, B1), zinc blende (B3), and
wurtzite (B4).

Waurtzite (B4) Oxygen atom LZ/n atom

5.207A

C=

/ \"’--
a= b=3%/ ————————

Figure 2. Structures shared by ZnO: (a) rock salt, B1; (b) zinc blende, B3; and (c) wurtzite,
B4 (d) tetrahedral ZnO. The shaded grey and black balls represent O and Zn atoms, respectively [114].

()

3.2. Classification of ZnO Nanostructures

The structure and properties of ZnO nanoparticles determine their field of appli-
cation. Many previous studies have attempted to produce ZnO with various nanos-
tructures [115]. Zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D),
and three-dimensional (3D) nanostructured representations of ZnO have been published,
as shown in Figure 3, with (field effect)-scanning electron microscopy (FE-SEM and
SEM) illustrations.

Figure 3. Microscopic images of zinc oxide (FE-SEM and SEM) represented in (a) 0D, (b) 1D, (c) 2D,
(d) 3D [53].
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Nanoparticles have large surface areas and are standard in visible light photocatalysis
because more active sites are available where contaminants can be readily adsorbed. Sur-
prisingly, nanowires with lower crystallinity and more defects have been shown to have an
advantage in photocatalytic applications. This may result from the hydroxyl groups bound
to the defects facilitating the trapping of photoinduced (e~ /h*) pairs and improving their
separation, thereby increasing activity.

3.3. Electronic Structure of ZnO

ZnO exhibits a large band gap with a tendency for n-type conductivity similar to other
binary transparent conductive oxides (In,O3, SnO;, and CdO). The partly ionic nature
of the bonds between the Zn?* and O?~ ions accounts for the reasonably high electronic
conductivity. The conduction band has an almost exclusive Zn?* 4s orbital character, and
the valence band is formed by the 2p orbital character of the O?~ ions [116]. Hence, hole
mobility up to jip &~ 3 cm? V1 57! has been registered for p-doped ZnO [41,117,118], while
electron mobility in thin undoped films can exceed 5000 cm? V~1 s~1 at 100 K [119].

3.4. Structural Analysis and Characterisation

The structural characterisation of nanoparticles has been studied using many ap-
proaches to determine important parameters, including size, crystallinity, constituents,
distribution, and other qualitative features. Physical characteristics can be assessed using
many methods depending on the circumstances. Since each instrumental technique has a
limit of sensitivity, selecting the best method is difficult, and a combination of characteri-
sation techniques is frequently required. Furthermore, given the growing importance of
nanoparticles in fundamental research and applications, researchers from many areas must
work together to mitigate the difficulties of reproducibility, comparability, and reliability of
characterisation data postsynthesis. Here, we present current knowledge on using various
experimental methods to characterise ZnO nanoparticles. The characterisation techniques
are categorised based on the concept/group of the method, the data they may give, or
the type of nanoparticle for which they are intended. Some of the available analytical
techniques and the type of analysis achieved are summarised in Table 6 and elaborated on
in the following sections.

Raj et al. [57], Bharathi et al. [86], and Santos et al. [87] used characterisation techniques
that include PXRD, Raman, SEM, TEM, HRTEM, and EDS to establish the identity of
prepared zinc oxide composite materials. Some PXRD diffractograms are represented
in Figure 4a,b.

(b)

[ ] —
s o ol
= ACuO 7C5
[ ]
& . —_— ZC10
g )
=,

Ag’ (CIF)

30

Zn0 thF,}m k ‘ l | ]

60 70 80 g a0 40 50 60 70 80

40 50
20 (degree) 20/°

Figure 4. Representative PXRD of zinc oxide composite materials: (a) ZnO/CuO [86], (b) ZnO/
Ag (* = peaks associated with Ag?) [87].
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Table 6. Summary of characterisation techniques [120].

Technique/Method

Parameters Determined

Powder XRD
XAS (EXAFS, XANES)

XPS

SEM-HRSEM, T-SEM-EDX

Electron backscatter diffraction

Atomic force microscopy

High-resolution TEM (HRTEM)

Electron diffraction

EELS (EELS-STEM)

Aberration-corrected
(STEM, TEM)
Electron tomography

Scanning TEM

FTIR
Low energy ion scattering
Secondary ion mass
spectrometry
Brunauer-Emmett-Teller

Liquid TEM
ICP-MS

Ferromagnetic resonance

Transmission electron
microscopy (TEM)
Thermogravimetric analysis
UV-Vis
Photoluminescence
spectroscopy
Dynamic light scattering

Nanoparticle tracking analysis

and Differential scanning
calorimetry

Crystal structure, composition, crystallite size.
X-ray absorption coefficient (element-specific)—oxidation
state of species, inter-atomic distances.

Electronic structure, elemental constituents, chemical states,
ligand binding (surface-chemistry).
Morphology, dispersion of nanoparticles in cells and other
matrices/supports, oxidation state.

Crystal configuration, grain texture, defects, shapes, and
distortion.

Morphology in 3D mode, nanoparticle morphology, and
examination—elemental composition.

TEM information and the crystal structure of single particles.
Study defects differentiate between monocrystalline,
polycrystalline, and amorphous nanoparticles.
Crystal structure, lattice parameters, study order-disorder
transformation.

The qualitative oxidation state of atoms, chemical
environment, bulk plasmon resonance.

Nanoparticle clusters, homogeneity and phase segregation.

The actual 3D image down to the atomic scale.
Morphology, structure, elemental constituent and
hetero-interfaces.

Surface chemical state.

Thickness and chemical constituents of nanoparticles.
Chemical information (surface-chemistry), molecular
coordination and configuration, surface structure.
Surface area, pore size.

Study growth mechanism (in real-time), single particle
motion, and superlattice formation.
Elemental constituents and nanoparticle concentration.
Nanoparticle size, homogeneity, shape, crystallographic
defects, surface constituents, M values, magnetic anisotropic
constant.

Nanoparticle shape and aggregation state.

Thermal stability.

Absorption characteristics and hints on nanoparticle shape.
Optical profile- relation to crystal structural properties and
constituents.

Detection of aggregation.

nanoparticle size and homogeneity.

Abbreviations: EELS—Electron energy loss spectroscopy; FTIR—Fourier transform infrared spectroscopy; ICP-
MS—Inductively coupled plasma mass spectrometry; SEM-HRSEM-EDX—Scanning electron microscopy- high-
resolution scanning electron microscopy-energy dispersive X-Ray analysis; UV—Ultraviolet; VIS—Visible light;
XAS (XANES, EXAFS)—X-ray absorption spectroscopy (X-ray absorption near edge structure, extended X-ray
absorption fine structure); XPS—X-ray photoelectron spectroscopy; XRD—X-ray diffraction.

The PXRD diffraction patterns presented in Figure 4a displays the PXRD patterns
of a series of CuO/ZnO composite materials denoted ZC1-15 depending on the rela-
tive weight percentage of Cu to Zn in each material [ZC1 = CuO/ZnO with 1% weight,
ZC3 = CuO/ZnO with 3% weight, ZC15 = CuO/ZnO with 15% weight]. It is important
to note that CuO is monoclinic (JCPDS 05-0661), and the ZnO is in a hexagonal phase
(JCPDS 05-0664). The ZnO peak steadily decreased as the Cu/Zn weight percent increased
(3-15 wt%). Due to the low percentage weight of CuO in composite ZC1, only ZnO
peaks were observed. In contrast, samples ZC3 to ZC15 showed CuO diffraction peaks at
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26 = 38.75°, which match the (111) plane of the monoclinic crystal system. Figure 4b
represents the PXRD pattern of a Ag-doped ZnO material that is matched to the diffraction
peaks from the crystallographic information file (CIF CODE = 9,004,178) for the wurtzite
structures of ZnO. Most of the observed peaks in the Ag/ZnO composite are related to the
wurtzite structure of ZnO with the low-intensity peaks at 38°, 44°, and 64° accounting for
the metallic silver with an fcc-structure (CIF CODE = 9,012,961).

Various techniques are used to analyse a material’s surface chemistry, including EDS,
XAS (EXAFS, XANES), low-energy ion scattering, and others (see footnote of Table 6
for abbreviations). However, X-ray photoelectron spectroscopy is often used to correctly
identify the elemental composition of composite materials, which is often required when
highly specific catalysts or materials are targeted. In order to confirm metal exchange,
Sarmabh et al. [86] analysed their synthesised composite materials using XPS as shown in
Figure 5. ZnO, Cu and Ag® were confirmed in the samples from the XPS spectral analysis.
The spectra showed two peaks in the 1016-1044 eV region for Zn 2p3,, and Zn 2pq /, with
Am ~ 23 eV, which confirmed the presence of ZnO in the samples. The absence of a satellite
peak at 940 and 945 eV in the HR-XPS spectra confirmed the absence of copper oxide (Cu,O
and CuO) in the synthesised materials.

400 - 250
Zn 1019 Ag 365.5
3504 o 200
H b
o i 1042 9
g ) A #
3 °
S o
250 4
1004
Cd . ] -
200{ o= \Q."?. ~—
1050 1045 1040 1035 1030 1025 1020 1015 1010 50330 475 170 165 -3&; * -3-'55
Binding Energy(eV) Binding Energy(eV)
Cu 932
3001 wo{AU 89__-9
§ § 804
g 2 ol
8 3
O L
240 . ‘T"T 20
L]
- [ o '.r'n

960 955 950 945 940 935 930 925 920

" Binsc‘?ing l‘g.:mrg 8‘?9\!} T

Binding Energy(eV) v
Figure 5. HR-XPS spectra of prepared ZnO nanocomposite materials. Red = zinc; green = silver;
blue = copper; pink = gold; black squares = data points [83].

Karunakaran et al. [97] characterised their superparamagnetic ZnFe;O4-core/Ag on
ZnO shell nanodisks using SEM, EDX, HRTEM, and selected area diffraction (SAED) analy-
sis. In their report, the SEM analysis revealed the morphology of the synthesised material.
In addition, EDX and SAED revealed the unit cells as cubic for ZnFe;O,4, hexagonal for
Zn0O, and face-centred-cubic for Ag. The HRTEM image revealed a core/shell structure
with a homogeneous and constant whitish-grey covering over a blackish-grey surface.
Since iron has a blackish hue, the blackish-grey core is attributed to ZnFe,O4, while ZnO is
responsible for the white-grey shell.
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The EDX of the synthesised material revealed the presence of the constituent elements
zing, iron, silver, and oxygen. In addition, the absence of other elements confirmed the
purity of the material. The electron diffraction spots in the synthesised sample validate
the presence of hexagonal ZnO, cubic ZnFe;O4, and cubic metallic silver in the sample.
Reflection spots were observed at 220, 422, 440, 551, 553, 622, 511, and 800 planes for the
cubic ZnFe;Oy; 100, 002, 110, 104, 203, and 211 planes for the hexagonal ZnO and 200 plane
for the cubic Ag. The references for cubic ZnFe,O4, hexagonal ZnO, and cubic Ag are
JCPDS card nos. 22-1012, 36-1451, and 04-0783, respectively.

Similarly, for the PVP-capped Cd/Ag/Zn0O heterocomposites fabricated by the use
of microwave-aided precipitation by Vignesh et al. [60], they reported PXRD diffraction
patterns (Figure 6) with diffraction peaks at 20 angles of 31.62°, 34.30°, and 36.04° allocated
to the typical ZnO planes (JCPDS: 36-1451), indexed as the hexagonal wurtzite structure.
While other PXRD planes are assigned to the typical CdO (111), (200), and (220) (JCPDS:
05-0640), and for AgO, the planes are (200) and (220), which matched with (JCPDS: 741743).
The PXRD analysis indicated a decrease in crystallinity after doping with the different
metals. It also shows that the crystallite size ranges vary with the calcination temperature,
such that a range of ~79-41 nm was obtained for the samples calcined at 450 °C, while the
sizes decreased dramatically (68-29 nm) for samples calcined at higher than 600 °C.
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Figure 6. PXRD patterns of as-prepared ZnO (a), Ag:ZnO (b), Cd:ZnO (c), Cd:Ag:ZnO (d), and
Cd:Ag:ZnO:PVP (e) materials [60]. Temp =450 °C (1) and 600 °C (2).

Hence, the activity of the as-prepared Cd:Ag:ZnO:PVP heterostructured material was
4.7 times higher than the undoped ZnO. They also reported that 30 mg of the material
degraded 99% of 20 mg/L of the methylene blue dye within 120 min of Vis irradiation [63].

In another study by Shanmugan et al., the authors investigated the link between the
structural, optical, and photocatalytic properties of the bi-metallic (Sn and Cu)-doped ZnO
nanoparticles. The Sn:Cu/ZnO nanocomposite was prepared using the microwave-assisted
ultrasonication-precipitation method [121].

As shown in Figure 7, the EDX analysis established the extent of the Cu and Sn doping
(atomic %) in the Zn matrix, which improved the light absorption intensity in the Vis region.

The XPS data of the Sn:Cu/ZnO composite material are presented in Figure 8. The
data allow for the identification of the binding energy, electronic nature, charges on each
element, and the functional groups of the nanomaterial. The data revealed peaks that
match Zn (2p), O (1s), Sn (3d), and Cu (2p) for all the doped nanomaterials (Figure 8a). The
addition of Cu?* ions caused Sn** ions to be displaced with a higher energy than normally
observed for the ZnO framework. In addition, when zoomed in, the data revealed that the
Zn (2p) signal was split into two symmetrical peaks (Figure 8b). The Zn (2p3/;) and Zn
(2p1/2) were observed at 1022 eV and 1045.2 eV, authenticating the spin-orbit coupling of
the Zn?* ion.
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Figure 7. EDX spectra of ZnO (a) and Sn:Cu/ZnO (b) nanoparticles [121].
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Figure 8. XPS data of the Sn:Cu/ZnO nanomaterial [121].

Many researchers have also used advanced analytical techniques to confirm the forma-
tion/creation of new materials by the use of imaging techniques, monitoring the changes in
surface composition and structural defects. For example, Kalisamy et al. [76] described the
preparation of a ZnO-implanted S-doped g-C3Ny heterojunction with a reduced recombina-
tion of photoinduced charges and improved catalytic breakdown of dyes. The TEM analysis
of the composite material (Figure 9a) confirmed the deposition of ZnO nanoparticles on the
S-doped g-C3Ny4 nanosheets, and the HRTEM reported inter-planar separations of 0.28 nm
(110) and 0.24 nm (101) (Figure 9b).

In addition, Zhang et al. [93] prepared a g-C3Nys-ZnO@graphene aerogel (g-C3Njy-
ZnO@GA). The microstructure (SEM image) of the g-C3N4-ZnO@GA (30%) presented in
Figure 10a,b revealed the 3D porous structure of the graphene aerogel. Furthermore, the
HRTEM images, Figure 10c,d, confirmed the formation of the heterojunction by the analysis
of the lattice fringes at 0.280 nm and 0.326 nm, consistent with the (002) and (100) planes of
ZnO and g-C3Ny, respectively, which established their co-existence in the heterojunction.
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Figure 10. SEM (a,b) and HRTEM images (c,d) of g-C3Ny-ZnO@GA (30%) [93].

Similarly, Zhang et al. [94] successfully prepared a g-C3N4/ZnO composite photocat-
alyst using a two-step method. The heterojunction structure comprises flakes of g-C3Ny
coated on the ZnO surface with a width of 2.5 um. Analysis of the SEM image revealed
that the heterojunction formed by the g-C3Ny4 nanosheets was not completely wrapped
around the spherical surface of the ZnO. This contrasts with the 3D heterostructure of
g-C3N4-ZnO@GA (Figure 10).

Oppong et al. [75] used FTIR analysis to study the synthesised ZnO and ZnO-GO
nanocarbon material and reported the identity of key functional groups in the materials, as
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shown in Figure 11. These include the C-OH, C=C, and C=0 stretch at low wavenumbers
and the absorption of the surface OH groups identified at circa 3700 cm 1.
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Figure 11. FT-IR spectra of La-doped-ZnO nanomaterials decorated on graphene oxide [75].

Furthermore, Raman analysis of the ZnO, ZnO/GO, and 0.3% La/ZnO/GO revealed
the presence of strong peaks of ZnO at 331, 442, and 589 cm 1" which arose due to defects
in the ZnO/GO via oxygen vacancy as shown by the D band defects observed around
1350 cm ! in Figure 12. The optical response of the ZnO changed due to its modification
with La and graphene oxide (Figure 12a). ). In addition, the G bands originate from
the in-plane tangential stretching of the carbon—carbon bonds in the graphene structure
(Figure 12b Compared to pure ZnO, the combined impact of the graphene oxide and La
improved the Vis absorption. This strategic doping with La/GO decreased the band-gap
energy level due to the modification of the ZnO conduction band, resulting in the Vis
absorption. Apart from being a sensitiser (absorbing Vis), graphene oxide acted as an
electron collector by creating a new energy level in the band gap, allowing photoinduced
electrons from this energy level into the conduction band of ZnO. The ultra-violet-diffuse
reflectance (UV-DRS spectra are shown in Figure 13a, while the band gap of the materials
was estimated using the Kubelka—Munk function (F(R)), presented in Figure 13b.

Srinivasan et al. [98] reported on the influence of carbon doping and modification
with BiVOy on the properties of ZnO nanomaterials. The optical profile of the synthesised
materials was studied by ultra-violet-diffuse reflectance (UV-DRS) and photoluminescence
(PL) spectroscopies. They reported that the absorption band gap edge of C-ZnO had shifted
to 412 nm (due to the embedded carbon) compared to the absorption edge of pure ZnO
recorded at 396 nm, (Figure 14a,b).
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Figure 12. Raman spectra of (a) zinc oxide and (b) graphene oxide and 0.3% lanthanum-doped zinc
oxide-graphene oxide [75].
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Figure 13. UV-Vis spectra (a) and Tauc plots (b) for La-doped-ZnO nanomaterials decorated on
graphene oxide [75].

Furthermore, at 427 nm and 540 nm, two absorption edges belonging to C-ZnO and
BiVO, (Figure 14c) displayed a wider absorption in the visible section for the
C-ZnO/BiVO, material represented in Figure 15d. At the same time, PL spectroscopy
also revealed a near band-edge emission peak for ZnO, C-ZnO, and C-ZnO/BiVOy at
389.56, 390.33, and 393.19 nm, respectively. The spectral (Figure 15e) investigation corrobo-
rated the reduction in the band gap energy of the samples of C-ZnO and C-ZnO/BiVO;.
Compared to pure ZnO, the decrease is due to carbon incorporation into the ZnO and
composite formation between C-ZnO and BiVOj,. The suppression of the PL peak intensity

demonstrated the effective separation of photoinduced charges in the C-ZnO and C-ZnO/
BiVO,4 nanomaterials.
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Figure 14. UV-DRS (a—d) and PL spectral data (e) of C-doped ZnO nanomaterials coupled with
BiVOy [98].
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Figure 15. EDX spectra (a) and FTIR spectra (b) of ZnO/chitosan (CH) and Ce-ZnO/CH [103].

Saad et al. [103] reported the synthesis of chitosan supported the ZnO and Ce-ZnO
nanoflowers. The EDX and FT-IR study (Figure 15) confirmed the formation of the ma-
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terials. Changes in chemical composition and surface functional groups determine each
material’s adsorption capacity and properties. Chitosan is an organic compound that
contains functional groups such as OH, N-H, C-H, C-N, and C-O, which were observed
in the IR spectra of the composites. The observed spectral band changes, such as the
increased intensities of the OH-related absorption bands, confirmed the loading of ZnO
and Ce-ZnO onto the chitosan. The EDX analysis showed that the ZnO/chitosan sample
contains C, O, and Zn, whereas, in addition, the Ce—ZnO/ chitosan composite incorporated
Ce (Figure 15a). Furthermore, the band at 564 cm ™! in the FT-IR data (Figure 15b) also
confirmed the presence of the Zn-O-Ce group [106].

4. Techniques for Improving the Performance of ZnO Materials in Catalysis

ZnO is a cheap semiconductor material with excellent electrical and mechanical an-
tifouling [122], antibacterial, and optical properties [123]. The ideal modified ZnO-based
photocatalyst aims to improve its efficiency and extend its application in the visible re-
gion for practical applications. It also includes the ease of upgrading catalyst systems
for large-scale industrial and municipal applications and high recyclability without a loss
in activity [124]. Therefore, many modifications have been proposed and executed to
obtain the desired ideal ZnO photocatalyst. Some of the more common modifications are
highlighted in the following sections [61,125,126].

4.1. Doping with Metals

The ZnO lattice can be doped with transition metals due to similarities between the
ionic radii of Zn?* and other transition metal ions with unfilled d-subshells; hence, the
possibility of the movement of the charges between the d subshells of the metal ions and the
conduction or valence band of ZnO [95]. The result is a new electronic state in the band gap
of ZnO by energy reduction. The (TPDT/(ZnO-Ag) materials prepared by Praveen et al. [82]
are good examples. The materials were fabricated by the deposition of Ag nanoparticles
onto ZnO nanoparticles spread in a silicate sol-gel matrix to form a hybrid catalyst for
the photodegradation of organic pollutants. In the system, the OH™/H,O couple traps the
photoinduced ZnO holes to produce reactive *OH, an oxidant radical for the degradation of
pollutant molecules [127]. The Ag nanoparticles (charge sink) on the ZnO also enhanced the
interfacial delivery of the charges to break down pollutant molecules, thereby reducing the
band gap energy [128]. The enhanced photocatalysis indicated that the materials’ efficiency
is due to the amine-functionalised TPDT matrix. Similarly, the same strategy was used to
develop heterostructures with excellent abilities to remove dyes. The energy band gap of
the photocatalysts was reduced to 1.7, 2.7, and 2.8 eV for ZnO-Cu (S1), ZnO-Ag (S2), and
ZnO-Au (S3), respectively. The band-gap energy reduction may be associated with the new
band level in the ZnO semiconductor surface due to doping with Cu, Ag, and Au transition
metals. However, in the presence of radical scavengers, such as methanol or propan-2-ol,
the degradation rate was reduced, indicating the involvement of hydroxyl radicals in the
photodegradation, which was confirmed by benzoic acid hydroxylation, and the GC-MS
detection of hydroquinone during the degradation of phenol [83].

4.2. Coupling of Semiconductors

Raj et al. [57] coupled MgO/ZnO semiconductors to improve the practical applica-
tion of ZnO for the degradation of colourant molecules. The multi-component system
showed improvement by preventing the recombination of photoinduced charge carriers.
In the photocatalyst’s heterojunction, electrons are trapped in the conduction band of
MgO (narrow band gap), while the positive charges are restricted in the valence band of
ZnO (wide band gap). Furthermore, a shift in the spectral response into the Vis region
(>400 nm) and reduced band gap energy (lower than the parent semiconductors) enhanced
the photocatalytic efficiency of the hybrid material.

The BiOCl/ZnO p-n heterojunctions fabricated by Chang et al. [61] with exposed
crystals of the (101) surfaces are stimulated by Vis irradiation, which is better than a
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previous [129] attempt that only absorbed in the UV region of the spectrum. The superior
photocatalytic activity was ascribed to the enhanced Vis absorption of BiOCl, larger sur-
face area, and the built-in potential from the p-n junctions of BiOCl/ZnO, as illustrated
in Figure 16.

VIS
Jﬁi;u:‘{:s OO
TR
-------------------------------------- E¢
p-BiOCI
n-ZnO
HY + HO‘F®VB

H,0

Figure 16. Mechanisms of degradation by BiOCl/ZnO p-n heterojunction materials [61].

4.3. Coupling with Carbon Materials

The mineralisation of the safranin-T dye on the surface of the functionalised GO
nanosheets (FGS) was achieved by an attack of reactive species that included h*, O,~*,
and *OH (Figure 17). This was induced by the direct irradiation and oxidation of the dye
adsorbed on the surface of the material enabled by photogenerated holes on its valence
band via p-p interactions. On the other hand, the electrons were transmitted efficiently to
the FGS from the ZnO. Their strong interaction hampered the recombination of the e™ /h*
charges. In addition, the O,°*~ radicals were produced from the combination of electrons
on the photocatalyst surface and trapped dissolved oxygen to further the degradation of
the dye molecules via an *OH radical attack [130].

Figure 17. Illustration of the degradation of safranin-T dye by FGS/ZnO materials [130].
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4.4. Immobilised Photocatalysts

A suitable photocatalyst support must permanently immobilise the catalyst, have a
large surface area, and increase catalyst activity upon immobilisation. Desirable charac-
teristics of an immobilising material include the ability to adsorb the catalyst and absorb
sufficient light energy for effective activity and also be robustly stable to withstand the
degenerative impact of the strong oxidative radicals generated during photocatalysis.

Cold plasma discharge, RF magnetron sputtering, dip coating, polymer-assisted hy-
drothermal decomposition, photo etching, spray pyrolysis, electrophoretic deposition, and
spray pyrolysis are some examples of common immobilisation methods [23]. Most catalyst
supports are porous materials with high specific surface areas and electronic configurations
that induce interactions with the catalyst that produce slightly acidic conditions for efficient
electron transfer, hence mitigating e~ /h* recombination. Commonly used supports include
glass substrates, zeolites, alumina, carbon [80,81], and carbon-covered alumina (CCA) [131].
In particular, CCA is a support system that exploits the qualities of both carbon and alumina
and, therefore, provides a model support system [92].

Velanganni et al. [132] used SILAR to fabricate a fluorine-doped tin-oxide glass de-
posited with BiS3/ZnO. The process involved three steps with 20 cycles of immersion in a
series of solutions. Once constituted, the supported thin-film catalysts degraded 91% of
methylene blue under Vis irradiation. In addition, Baradaran and Ghodsi [133] used the
binder-less approach to fabricate a superior third-generation photocatalyst. The heteromor-
phic zinc oxide /aluminium-doped zinc oxide/zinc oxide (ZnO/AZO/ZnO) composite was
deposited by spin-coating on a glass substrate. The synthesised heteromorphs exhibited
high transmittance (>80%) in the Vis region, confirming the response shift. The crystallite
size of the photocatalysts decreased with an increase in the thickness of the ZnO:Al cou-
ple. This multi-layered fabricated system prevented the recombination of photoinduced
charges. Under Vis irradiation, the concentration of #OH radicals increased, resulting in
the effective photolysis of the methylene blue dye, which is better than with either ZnO or
ZnO/AZO [133].

Furthermore, Tsai et al. [134] fabricated Cup,O and Ag nanoparticle-decorated ZnO
nanorods on a flexible, lightweight, cheap paper. It was an easy-to-produce Vis-active
photocatalyst for pollutant degradation. The hydrothermal technique was used to grow
the ZnO nanorods, followed by the photoreduction processes (a binder-less process) to
produce a Kraft paper decorated with either CuyO, Ag, or both nanoparticles. The Kraft
paper was successfully used to degrade rhodamine B dye under Vis and sunlight.

5. Further Details on Applications of the ZnO Nanomaterials in Photocatalysis

One of the main objectives of this review was to assess the use of ZnO nanoparticles as
a basis for the generation of photoactive Vis catalysts in general wastewater treatment and
dye removal from wastewater, in particular. Most important are the highlights presented
herein on recent alterations successfully used to improve the photodegradation of organic
dyes. Most of the ZnO nanostructured materials discussed thus far are second- or third-
generation photocatalysts. The applications of the key ones are collected in Table 7 for ease
of reference and are further discussed below.

Table 7. Removal efficiency of ZnO nanoparticles in dyes polluted wastewater treatments.

S/N Material (Dosage) Dye (Conc.) Efficiency Affected Material Properties Ref.
Pollutant removal efficiency by
1 Fe-Cu-ZnO/GO (1 g) Dark green Dye 99% in 90 min enhapced adsorptlon. (?lue to Cu & Fe 56]
(50 ppm) doping & large specific surface area
due GO, efficient charge separation.
2 ZnO/MgO (100 mg) Textile dyeing 65% in 120 min Small particle size, reduced band gap. [57]

(50 mL)
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Table 7. Cont.

S/N Material (Dosage) Dye (Conc.) Efficiency Affected Material Properties Ref.
L ) Reduced band gap, good charge
3 CdA(%OZII;O) PP MB (20 ppm) 99% in 120 min transfer and reduced charge [60]
& recombination
4 BiOC1/ZnO (50 mg) RhB (10 ppm) 100% in 15 min charge separation by heterojunction. [61]
Pollutant removal efficiency by
enhanced enhanced VIS response due
5 La-ZnO-GO (100 mg) EY (20 ppm) 100% in 210 min to La doping & large specific surface [75]
area due GO, efficient charge
separation.
ZnO-embedded MB and RhB o . Enhanced visible light response and
6 S-doped g-C3Ny (50 mg) (10 ppm) 93% 80 min charge separation behaviour. [76]
7 Zn0O/g-C3Ny (25 mg) C(;) (r; ‘;’;;;ﬁ;l 100% in 120 min Reduced band gap. [77]
ZnO/Fe304/g-C3Ny MO, AYR, & OG %8 /.0’ 987%, & 83% Charge separation efficiency by
8 (10 mg) (30 ppm) in 150 min heterojunction 78]
& PP respectively ) ’
RhB (2 x 1075 M)
81% of RhB & 98% L
-5
9 AglO4/Zn0O (100 mg). &IC (5d>}<]elsO M) of IC in 120 min Reduction in band gap [79]
) MB, Cr(iv) (1.5 x o . Charge separation efficiency by
10 TPDT/(ZnO-Ag) 20 mg 10-5 M) 100% in 60 min heterojunction [82]
Band gap dependent on
Cu/Ag/Au-loaded ZnO  Various phenolic o . metal-exchange capacity, doped
1 (20 mg) dyes (100 ppm) 100% in 180 min metals improves VIS response & [83]
reduced charge recombination.
Increase active sites due to GO,
1 Zn0/GO Ciprofloxacin MB, 100%, 100%, 98%, reduced charge recombination, [84]
(100 mg) MG, EY, (25 ppm) 87% in 180 min reduced band gap all of which
improve photocatalytic performance
o . p—hjunction, reduced charge
13 CuO/ZnO (50 mg) MB (10 ppm) 97% in 25 min recombination [86]
14 Ag/ZnO (500 mg) RB5 (1.0 x 1075 M) 72% in 780 min Plasmonic effect [87]
Pollutant removal efficiency by
15 g-C3Ny-ZnO@graphene  RhB, MV, MO (20 83% 150 min synergy btw adsorption & (93]
(5 mg) ppm) photocatalysis, charge separation by
heterojunction.
) o . good charge transfer & reduced
16 g-C3Ny/ZnO (50 mg) RhB 92% in 120 min charge recombination. [94]
17 Cu-ZnO (50 mg) MO (0.02 mM) 100% in 150 min good charge transfer & reduced [95]
charge recombination
ZnO-AggS (1 x 1 cm? _3 7.3 times better electron trapping which hindered the
18 thin film) RhB (1 x 107 M) than ZnO charge carrier recombination [%6]
ZnFe;O4/Ag-ZnO o . good charge transfer & reduced
19 (50 mg) RhB (10 ppm) 100% in 300 min charge recombination [97]
Doping, heterojunction, surface
20 C-ZnO/BiVOy (75 mg) MB (10 ppm) 100% in 50 min defect traps charges control [98]
recombination
21 Ce"zr(‘g/rggtosa“ MG (5 ppm) 87% in 90 min Reduction in band gap [103]
ZnO/polypyrrole o . band gap indeterminable, but high
22 (50 mg) AV 7 (5 ppm) 64% in 360 min VIS shift. [104]
) MB & RhB o . . Enhanced charge separation and
23 ZnO and g-C3Ny (1 g) (10 ppm) 97% MB in 50 min visible light response. [108]
o ZnO/g-C3Ny/Ag MB & MG 96% & 99% in Reduced band gap & reduced charge [110]
(Thin film) (1x1075 M) 90 min recombination.
. Dye removal efficiency by enhanced
FGS/ZnO Safranin T o - . . ..
25 (20 mg). (2.2 x 104 M) 95% in 90 min adsorption due to FGS & efficient [130]

charge separation
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Table 7. Cont.
S/N Material (Dosage) Dye (Conc.) Efficiency Affected Material Properties Ref.
BiyS3/ZnO o . Charge separation efficiency by
26 (Thin film) MB (20 ppm) 92% in 200 min heterojunction [132]
Smaller crystallite size, surface defect,
27 Zn?r/h?nZﬁQh/nZ)nO MB (30 mg) 95% in 180 min results in efficient separation of e/h [133]

pairs.

Abbreviations: EY—eosin yellow; MO—methyl orange; MV—methyl violet; RhnB—Rhodamine B; OG—orange G;
MB—methylene blue; MG—malachite green; IC—indigo carmine; AYR—alizarin yellow R.

5.1. Graphitic Carbon Nitride (§C3Ny) and Organic Doped Materials

Graphite, carbon fibre, carbon nanotube, graphene, carbon black, activated carbon,
fullerene, and others are all carbon materials. Carbon as a support material has good
interactions with the metals they support, a neutral surface, good thermal conductivity, and
a large surface area with a tuneable pore volume with many surface functional groups [92].
Amongst the second-generation catalysts, coupling ZnO with graphitic carbon nitride
(gC3Ny) is one of the most common procedures in enhancing Vis absorption and, ultimately,
photocatalytic activity. Graphitic carbon nitride with a band gap energy of 2.65 eV is
cheap, easy to produce, and attractive to researchers. In addition, it is a two-dimensional
structural material with excellent chemical stability and a tuneable electronic structure.
g-C3Ny embedded with ZnO reduces its band gap energy and enhances the Vis degradation
of dyes (Z-scheme system results in Vis active materials). The study by Kalisamy et al. [76]
reported a heterojunction composite ZnO-embedded S-doped g-C3Ny4 with an efficiency of
up to a 93% removal of methylene blue and rhodamine B dyes in 80 min. The composite
was stable up till the fifth cycle of reuse. This was achieved due to the high speed of
hydroxyl radical production via the improved separation of e~ /h* in the ZnO nanocarbon
material. The study also compared the band gap energies of g-CsN4, ZnO, and ZnO/
g-C3Ny materials as 2.66 eV, 3.2 eV, and 2.63 eV, respectively, revealing the impact of the
heterojunction on the band gap energy. In a related study, Shemeena and Binitha reported
that 25 mg of a ZnO/g-C3Ny successfully degraded 10 mg/L of Congo red dye at 100%
in 50 min [77]. Wu et al. [78] took it even further with their ternary ZnO/Fe304/g-C3Ny
material (combination of three nanomaterials), which attained a 98% degradation efficiency
of 30 mg/L of alizarin yellow R in 150 min.

Similarly, Zhang et al. [93] applied a g-C3N4-ZnO@GA (g-C3N4-ZnO@graphene aero-
gel) nanocarbon material in photocatalysis. The study demonstrated that the Z-scheme
heterojunction catalyst degraded rhodamine B dye under UV (81%) and Vis (83%) irradi-
ation. The g-C3Ny-ZnO@GA (30%) catalytic activity was due to the hierarchical porous
nature of the material and the beneficial synergistic impact among the components that
combined to contribute to its effectiveness [93]. Additionally, the pompon-like structured
g-C3Ny4/ZnO composite prepared by Zhang et al. [94], which comprises flakes of g-C3Ny
coated on the ZnO surface, degraded 92% of rhodamine B dye in 2 h at a catalyst loading
of 10%. The study concluded that superoxide and hydroxyl radicals are the main reactive
species driving photocatalysis [94].

5.2. Heterojunction Semiconductor and Metal-Doped Materials

In exploiting the benefits of a heterojunction between semiconductors, as enumerated
earlier, Sarmah et al. [83] reported that the presence of CuO on ZnO enhanced its absorption
in the Vis region and utilised the photo-generated electron of the Cu'/? reduction process,
thereby preventing e~ /h* recombination, hence improving the photocatalytic performance
of the material. Similarly, a MgO/ZnO heterojunction improved the ZnO degradation of
colourant molecules. The shift in its spectral response into the Vis spectrum and reduced
band gap energy (lower than the individual semiconductors) enhanced the photocatalyst
efficiency [57]. Additionally, BIOCl/ZnO p-n heterojunctions with exposed crystals of
the (101) surface are stimulated by Vis irradiation. The nanocarbon material completely
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degraded rhodamine B dye in 15 min [64]. In another study, the heterojunction in the
AglO4/7Zn0O composite has electrons restricted in the AglO4 conduction band (transferred
from ZnO) and the positive charges confined in the ZnO valence band. This separation of
the photoinduced charges overpowers their recombination, thus generating active sites
for dye molecule degradation. Abdel-Aziz et al. [79] reported that the nanoparticle under
sunlight irradiation degraded 98% of indigo carmine and 81% of rhodamine B dyes in
110 min. The high performance of the AglO4/ZnO material is likely due to superoxide
radicals being the main active dye mineralisation species.

Similarly, Venugopal et al. [96] synthesised a ZnO-AggS hybrid for the photocat-
alytic degradation of dyes. The ZnO-AggS hybrid nanoparticle with simultaneous piezo-
phototronic effect efficiently degraded rhodamine B dye. In addition, the study reported
a seven-fold increment in the ZnO-AggS photocatalytic performance compared with the
pristine ZnO [96]. A further merit of heterojunction materials was observed with the
ZnFe;O4/Ag-ZnO composite, which exhibited surface plasmon resonance in the Vis region
due to the Ag ions. The nanodiscs synthesised by Karunakaran et al. [97] completely
degraded rhodamine B in 300 min under Vis irradiation and showed good reusability with
little or no activity loss.

The Z-scheme junction between C-ZnO and BiVO, overcame all the inherent short-
comings of the parent semiconductors. Hence, an efficient C-ZnO/BiVOy heterostructured
nanocarbon material with enhanced photocatalytic performance was obtained. The strategy
resulted in the better degradation of rhodamine B in 50 min, a result that is a significant
improvement on pure ZnO under Vis irradiation [98]. A related strategy was based on
TiO,-modified ZnO for photocatalysis, in which the photoactivity and photostability of the
ZnO were also improved for the degradation of rhodamine B and methyl orange dyes [32].
Raj et al. [57], Bharathi et al. [86], and Santos et al. [87] prepared ZnO-based photocatalysts
using wet-chemical methods. All the catalysts successfully degraded pollutant dyes. The
ZnO/MgO nanomaterial achieved good photocatalysis by degrading 65% of textile dye
wastewater in 120 min under Vis irradiation with excellent antibacterial properties. The
improved catalytic activity may not be unconnected to the reduced particle size and band
gap energy. Additionally, 50 mg of the CuO/ZnO nanomaterial degraded 97% of 10 ppm of
methylene blue in 25 min under Vis irradiation. In contrast, 0.50 g of the Ag/ZnO degraded
10~° M of the reactive black 5 dye in 780 min. The observed improved activity of the
heterogeneous photocatalyst was attributed to the plasmonic Ag in its composition [135].
It is important to state that there was no modification to the band gap energy [87].

Doping of ZnO with metals changes the chemical surroundings of the Zn atom and
tunes its electronic structure. For example, Gaurav et al. prepared Cu ion-doped ZnO
nanomaterials and determined their optical band gap energy (as low as 3.11). The reduction
in the band gap energy was primarily due to the electronic structure modification that led
to 99.5% photodegradation of methyl orange dye by 1% of the Cu-doped ZnO catalyst
under sunlight irradiation in 150 min [95].

5.3. Graphene Oxide, Mesoporous and Polymeric Material-Modified Catalysts

Taking advantage of the unique properties of graphene oxide, Zhu et al. [56] prepared
Fe-Cu-ZnO/graphene oxide composites with good adsorption properties. They utilised
the dual properties of adsorption and photodegradation in dye removal from water. The
study reported that a dose of 1g of the composite catalyst degraded 99% of 50 mg/L of
dark green organic dyes under Vis irradiation. The study noted that the effect might be
due to two factors: firstly, Fe and Cu doping shifted the spectral response of ZnO to the
Vis region and served as traps for the photoinduced charge carriers at appropriate doping
levels, effectively separating them, thereby prolonging the lifetime of hydroxyl radicals.
Secondly, with its high specific surface area, graphene oxide improved the movement
of the electrons, efficiently increasing the light-harvesting ability and dye adsorption,
contributing to an enhanced photocatalytic degradation efficiency. A Vis-active La-doped
ZnO/graphene oxide composite material was synthesised by Oppong et al. [75]. The



Water 2022, 14, 3899

27 of 34

improved photocatalysis of the composite was due to the graphene oxide behaving as
an electron scavenger preventing the recombination of the charge carriers. The material
also displayed good reusability and stability with a photocatalytic performance of 98%
compared to 18% for pure ZnO material under similar simulated solar light irradiation
conditions [75]. A similar study by Zarrabi et al. [84] prepared ZnO/graphene oxide
to study the effects of sonication and the graphene oxide support on the structural and
dynamic features of the photocatalyst. They reported that the incorporation of graphene
oxide aided the movement of the electrons from the ZnO, preventing the recombination of
the photogenerated charges (e~ /h™). The report also revealed that 0.1 g of the material as a
photocatalyst degraded 98-100% of 25 ppm of the dye pollutants methylene blue, malachite
green, and eosin yellow in 180 min [84].

Other related research works with mesoporous materials include the synthesis of ZnO
nanoparticles decorated with amino silicate sol-gel matrix-supported Ag nanoparticles
[TPDT/(ZnO-Ag)] for the removal of toxic methylene blue and Cr (VI) for environmental
remediation by Praveen et al. [82]. They reported that the Ag nanoparticles on ZnO further
enhanced the interfacial electron transfer rate of the pollutant molecules; hence, the catalyst
successfully degraded the methylene blue dye in 60 min. In addition, chitosan/Ce-ZnO
composites exhibited improved photocatalytic activities under Vis irradiation, with 0.02g of
the material degrading 100% of 5 mg/L of the malachite green dye after 90 min. The time
was reduced to 60 min when 0.03g of the catalyst was used. The study reported that the
photogenerated e™ /h* pairs and the *OH radicals are the primary active-charged species.
The study also reported a reduction in band gap energies from 3.3 eV (ZnO) to 2.85 eV for
the Ce-ZnO composite and further to 2.5 eV for the chitosan/Ce-ZnO [103].

Polymeric materials have also been adopted as supports. For the polyvinylpyrrolidone-
capped Cd, Ag-doped ZnO nanomaterials fabricated by Vignesh et al. [60] using a mi-
crowave synthesis method, it was revealed that the enhanced photocatalytic activity was
due to a decreased band gap energy attributed to Sn and Cu ions doping into the ZnO frame-
work. This is due to sp<+d orbital exchange interactions, enabling the effective interfacial
charge transfer and suppressing the recombination of the separated charge carriers. Hence,
100 mg of the materials degraded 99% of 20 mg/L of methylene blue within 180 min. The
related study by Gonzalez-Casamachin et al. [104] on polypyrrole-supported (ZnO/PPy)
composite materials exploited the properties of PPy, including its good electrical and optical
features, high absorption coefficients, high mobility of photoinduced charges, and excellent
stability to improve the catalytic performance of ZnO. Under Vis irradiation, 50 mg of the
composite degraded 64% of 5ppm of the acid violet 7 dye in a continuous annular reactor.

Finally, to overcome the problems inherent in first- and second-generation photocat-
alysts, the binder-through and binder-less methods were used to immobilise the earlier-
generation photocatalysts onto different substrates. However, the latter approach is the
method of choice due to the apparent problems of using chemicals in water treatment and
the hydrophilicity of the binders [136]. Third-generation photocatalyst materials provide a
viable solution to postseparation problems [136]. The binder-less method Baradaran and
Ghodsi [133] used to deposit ZnO/AZO/ZnO composites on glass resulted in a layered
system that degraded 95% of 30 mg/L of methylene blue in 180 min, better than ZnO or
Zn0O/AZO under Vis irradiation. Similarly, the Kraft paper deposited with Cu,O and Ag
nanoparticle-decorated ZnO nanorods degraded 10 uM of rhodamine B dye in 80 min of
Vis and sunlight irradiation [134].

6. Conclusions and Prospects

The most important goal for future investigation is to develop greener methods for
synthesising ZnO-based photocatalysts. In addition, the following are areas for future
consideration for ZnO photocatalysis:

e  Despite the numerous reports on ZnO nanoparticles with different morphologies,
many desirable enhancements to important properties (such as the crystallinity and
sphericity of the particles) are required for improved photocatalytic performance.
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e  More photocatalysis research should use pollutants of concern instead of just model
compounds. In recent works, dyes were used as models for organic pollutants in
photocatalytic degradation studies. However, many dyes (containing known chro-
mophores) are easier to degrade than persistent organic compounds such as pesticides,
pharmaceuticals, and organ disruptors.

e A more fundamental understanding of the mineralisation pathways at the interface
between the photocatalyst and the contaminant is still desired.

e  Operational problems need to be addressed. These include the poor recovery of pho-
tocatalysts during post-treatment work-up and its impact on the photoactivity of the
recycled catalyst. The problem also extends to catalysts dispersed as powders and the
reduction in the activity of immobilised /supported photocatalysts on subsequent runs.

e  Finally, there is a need for theoretical tools in developing new photocatalysts. Meta-
analytic studies will cut down on waste by trial and error, which is common in many
of today’s research endeavours.

Various factors hamper the use of photocatalysis for water clean-up on a broader
scale. The most important considerations are pricing and the pressing demand for inno-
vative TiO, alternatives. This article has presented an up-to-date investigation of ZnO
nanostructured materials. A detailed survey on strategies for altering the properties of
ZnO nanoparticles to improve their adaptability as photocatalysts was presented. De-
colouration of water was generally used as the model reaction, partly because reliable
spectroscopic data are easily generated by monitoring the degradation of coloured dyes
in aqueous solutions. Although ZnO nanostructured materials are promising candidates
as photocatalysts for the Vis-driven photodegradation of recalcitrant organic impurities,
fresh strategies are needed to surmount the incessant bottlenecks encountered while using
pure, unmodified ZnO in photocatalytic processes. As detailed in several sections of this
article, the fabrication methods used affect the photocatalyst morphology, particle size, and
usability. ZnO nanoparticles prepared by various methods, including sol-gel, wet-chemical,
hydrothermal, and synthetic solvothermal techniques, exhibited greater than 90% degra-
dation of various dye pollutants within short irradiation periods. Simpler solution-based
approaches are generally preferred to the more exotic microwave, ultrasonic/hydrothermal,
and precipitation/sono-precipitation fabrication methods. The sol-gel method proved an
effective synthetic path based on pricing, simplicity, and reliability. Hence, the preferred
process for effectively controlling important nanoparticle properties, such as uniformity in
particle size, eventually leads to better photocatalytic efficiency.

Additionally, the band-gap energy level is essential in defining the catalytic activity of
Zn0O in dye degradation and other applications. Synthetic strategies to suppress the speed
of charge carrier recombination are better at improving the photocatalytic efficiencies of
new photocatalyst materials. Such endeavours are better than those aimed at band-gap
reduction as the primary aim. Therefore, procedures such as metal/non-metal doping,
Zn0O coupling with other semiconductors, and coupling with carbon materials enhanced
the photocatalytic efficiency of ZnO in photodegradation applications.

Finally, the types of semiconductor coupling materials, the relative quantity of the
dopants, and the relative position of their band gap energies are factors of interest to be
considered to optimise the photoactivity of ZnO materials. These considerations shift the
band gap energy (by shifting the photoresponse of the catalyst to the Vis region), inhibiting
the recombination of the photoinduced e™ /h* charges, thereby improving the separation
efficiency. Eventually, more research is required to generate new, unique supporting
agents that will overcome the intrinsic mass transfer constraints of immobilised ZnO-based
photocatalysts for upscaling to large-scale industrial and municipal operations beyond
current laboratory explorations.
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