
Journal of Sol-Gel Science and Technology (2024) 110:792–806
https://doi.org/10.1007/s10971-024-06385-x

ORIGINAL PAPER

Impact of electron–hole recombination mechanism on the
photocatalytic performance of ZnO in water treatment: A review

Alaa Nihad Tuama1 ● Laith H. Alzubaidi2 ● Muhammad Hasnain Jameel3 ● Khalid Haneen Abass1 ●

Mohd Zul Hilmi bin Mayzan3
● Zahraa N. Salman4

Received: 1 March 2024 / Accepted: 8 April 2024 / Published online: 14 May 2024
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
One of the most popular standard benchmark photocatalysts in the water treatment and environmental applications fields is
zinc oxide (ZnO). Nevertheless, the total photocatalytic efficacy is limited by ZnO’s high band gap and the significant
recombination of photogenerated charge carriers, particularly in its nano size. This can be further circumvented by
hybridizing ZnO with a material that has a narrow band gap, such as metallic, non-metallic, carbon-based, or polymeric-
based, to change its electronic band structure and other pertinent features. The use of ZnO-based photocatalyst in wastewater
treatment shows a lot of potential as an effective and long-lasting oxidation technique. To increase photocatalytic efficiency,
ZnO photocatalysts can be prepared in a variety of ways and modified via doping. In the present review, we assess recent
studies on the creation of ZnO-based photocatalysts for the treatment of water using a variety of preparation methods based
on electron–hole generation and recombination. The majority of development strategies and research on attaining the best
possible photocatalysis performance in high-yield degradation with related factors are discussed, and the primary reasons for
increased efficiency are explained. We consider areas where ZnO-based photocatalysts for water treatment could be
improved. Finally, there is also a discussion of the prospects and challenges in this exciting field. Our evaluation aims to
assist researchers in creating photocatalysts for water treatment that are both affordable and highly effective.

Graphical Abstract

* Alaa Nihad Tuama
Pure.alaa.tuama@uobabylon.edu.iq

1 Department of Physics, College of Education for Pure Sciences,
University of Babylon, Hillah, 5001 Hillah, Iraq

2 Department of Computers Techniques Engineering, College of
Technical Engineering, The Islamic University, Najaf, Iraq

3 Department of Physics, Faculty of Applied Sciences and
Technology, Universiti Tun Hussein Onn Malaysia, 84600
Pagoh, Johor, Malaysia

4 Medical Physics Department, Hilla University College,
Babylon, Iraq

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-024-06385-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-024-06385-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-024-06385-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-024-06385-x&domain=pdf
mailto:Pure.alaa.tuama@uobabylon.edu.iq


Keywords: Electron–hole recombination ● Photocatalytic performance ● Zn ● Water treatment ● Metallic and non-metallic
doping

Highlights
● A variety of preparation techniques have been used to employ metallic and non-metallic doped zinc oxide (ZnO) based

photocatalysts broadly in the field of water treatment.
● Total photocatalytic efficacy is limited by ZnO’s high band gap and the significant recombination of photogenerated

charge carriers, particularly in its nano size.
● Harmful organic and inorganic contamination in water can likely be resolved by adjusting the initial pollutant level, pH,

and intensity of light.
● Hybridizing ZnO with a material that has a narrow band gap, such as metallic, non-metallic, carbon-based, or polymeric-

based, to change its electronic band structure and other pertinent features.

1 Introduction

One of the main environmental challenges associated with
the present worldwide crisis is the pollution of natural water
sources with hazardous organic chemical substances, such
as organic dyes and insecticides released as effluents of
wastewater from industry testing facilities and local agri-
culture, respectively. In addition to the impacts caused by
human activity, a lack of clean water resources will likely
be a problem for humanity due to changes in the climate and
warming temperatures. For these reasons, major commu-
nities must demand the recycling and purification of spent
water. Reverse osmosis, electrodialysis, gas stripping, and
heterogeneous photocatalysis are just a few water treatment
techniques that emerged over the years [1–7]. Continuous
development of pure and heterogeneous photocatalysis for
the treatment of water has been conducted. The technique of
heterogeneous photocatalysis has great potential and is
useful for both environmental and energy applications. Due
to its benefits, including affordability, non-toxicity, com-
plete mineralization, and reusability, it has developed into a
rapidly expanding field of study over the past few decades.
The following noteworthy semiconductors have been used
as photocatalysts: CdO, TiO2, ZnO, ZnS, WO3, and CdTe
[8].

Due to their electrical band structures, the materials
described above, the two metal oxides that are most fre-
quently used as photocatalysts are ZnO in the wurtzite
phase and TiO2 in anatase form. In recognition of its higher
quantum efficiency, ZnO is thought to operate photo-
catalytically more effectively than TiO2 in many circum-
stances [9, 10]. ZnO nanostructures are a wide band gap
(Eg) semiconductor with a band gap of 3.37 eV. However,
an intrinsic limitation prevents them from using about 4%
of the UV component of solar light as a consistent, plentiful,
and aesthetically pleasing source of energy for photo-
excitation during the reaction. Consequently, a significant
amount of research has been done to expand ZnO’s

photoresponse into the visible light area (about 43% of the
solar spectrum) [11]. One of the primary tactics is to modify
the ZnO band structure to the reduced band gap to custo-
mize visible-light absorption. Several strategies and tactics
were used and documented to accomplish this significant
objective. We shall allude to these efforts in this review.

It is well known that adding metals and nonmetals to the
ZnO structure results in a red shift in the band gap, which
creates visible light-active photo-catalysts [12]. With no
modifications to the band gap, metal doping in the first
example creates shallow- or deep-level states that can
absorb longer wavelength light absorption. These intra-band
states acting as a recombination center may decrease the
photocatalytic performance. When dopants are incorporated
into the band gap in the nonmetal doping scenario, local
states are created inside the gap, allowing ZnO’s absorption
initiation to be prolonged from the UV to the visible light
range by band gap reduction [13]. Numerous research
conducted to date has shown that metal-doped ZnO (Cu,
Mn, Ag, Fe, Co, Eu, Al, and Ce) and nonmetal-doped ZnO
(C, N, and S) cause the optical absorption edge of ZnO to
redshift to lower energies and enhanced photocatalytic
activity in the visible light domain as demonstrated in
Table 1. Table 1 provides an overview of the most often
used dopants in ZnO structure, synthesis methods, and
experimental configurations for visible-light photocatalytic
applications on water treatment.

Generally, quasi-stable energy states inside the band gap
energy are produced by doping appropriate metal oxides
with transition metals. Additionally, adding the right
amount of ions to the host lattice will enhance electron
trapping because of the increased surface sites, and the
change in band gap energy (Eg) would boost photocatalytic
efficiency. The decreased rate of electron–hole pair
recombination makes this possible [14]. Consequently, a
novel ternary nanocomposite has been widely developed
between the metal oxides of ZnO and different dopant
materials as previously discussed to reduce photoinduced
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electron–hole recombination by promoting electrical con-
ductivity, charge circulation, and light absorption process
which can be invested to improve the water-treatment and
photocatalytic properties of ZnO. ZnO has drawn much
interest for its ability to fully mineralize and degrade pol-
lutants in the environment. ZnO’s photocatalytic perfor-
mance is expected to be comparable to TiO2’s because of
their almost identical band gap energies (3.2 eV). Further-
more, ZnO is comparatively less expensive than TiO2,
while TiO2 is not cost-effective for use in large-scale water
treatment processes. ZnO is an essential photocatalyst in
environmental and water treatment because of its largest
advantage: it can absorb a greater range of the solar spec-
trum and more light quanta than certain semiconducting
metal oxides [15–17].

In this study, we offer a new-era perspective on the
development of both substituted ZnO and pure nanoma-
terials using various materials and methods to enhance
photocatalytic activity. Metal doping, nonmetal doping,
rare-earth metal doping, and other metal doping will be
compared and analyzed in the context of minimizing
electron–hole recombination.

2 The basics of ZnO

ZnO is an II–VI oxide semiconductor that has a significant
exciton binding energy of 60 meV at ambient temperature
and a direct large band gap of 3.37 eV. ZnO nanomaterials
are the best option for optoelectronic and electronic appli-
cations such as diodes (LEDs), sensors, actuators, field-
emission devices, UV laser diodes, solar cells, spintronic,
piezoelectric, and photocatalysts devices because of their
outstanding piezoelectric and optoelectronic characteristics,
biological compatibility, benign nature, and thermal resi-
lience [18]. Because of its distinctive properties, zinc oxide
(ZnO) has emerged as the front-runner in photocatalysis
today as an effective and promising choice in green man-
agement strategies. Robust oxidation capacity, good pho-
tocatalytic activity, and high free-exciton binding energy
enable the persistence of excitonic emission processes at or
above room temperature. Photocorrosion and the large band
gap energy are ZnO’s main disadvantages. Due to its
broadband energy, ZnO’s light absorption is restricted in the
visible light spectrum. Low photocatalytic efficiency is the
consequence, as photogenerated charges quickly recombine.
Several recent review publications have discussed the
development and application of various ZnO nanostructures
with different morphologies in light of these advantages
[19, 20]. The optical, electronic, and structural character-
istics of ZnO nanostructures that are changed throughout
the ZnO doping process will be briefly discussed in the next
section.Ta
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2.1 Optical properties

At ambient temperature, ZnO exhibits a direct band-gap of
3.37 eV, a substantial exciton binding energy of 60 meV,
outstanding electro-optical characteristics, and significant
electrochemical reliability [21]. ZnO can be used in
nanoscale applications to change or enhance its optical,
electrical, and magnetic properties. Because ZnO is com-
patible with living things, it may be used in everyday
applications without endangering human health or the
environment making it an environmentally friendly material.
The complete mineralization and degradation of environ-
mental contaminants have drawn much attention to ZnO
[22]. ZnO is expected to have a photocatalytic performance
comparable to TiO2, as both have almost the same band gap
energy (3.2 eV). Furthermore, ZnO is comparatively less
expensive than TiO2, while TiO2 is not cost-effective for
use in large-scale water treatment operations. The absorp-
tion mechanism is directly affected by the larger direct band
gap, greater breakdown voltages, stronger breakdown field,
and increased electron mobility of the n-type ZnO semi-
conductor. The main benefit of zinc oxide is by far its ability
to absorb a wide range of the solar spectrum and more light
quanta than some semiconducting metal oxides [23].

Using photoluminescence (PL), the luminescence char-
acteristics of ZnO can be described. In their PL spectra,
ZnO nanostructures frequently exhibit two regions: the
broad visible emission zone and the UV-emission region.
Photocorrosion and the large band gap energy are ZnO’s
main disadvantages. Due to its broadband energy, ZnO’s
light absorption is restricted in the visible light spectrum.
Low photocatalytic efficiency is the consequence, as pho-
togenerated charges quickly recombine [24].

2.2 Structural properties

Zinc oxide (ZnO) exhibits distinct crystal formations,
typically found in the forms of rocksalt, wurtzite, or cubic

(zinc blende). ZnO in a rocksalt structure is quite uncom-
mon because it can form at severe pressure. Of the three
forms, the ZnO wurtzite structure has the maximum ther-
modynamic stability. It is ZnO’s most prevalent structure
[25]. With two lattice parameters, a and c, of 0.3296 nm and
0.52065 nm, respectively, ZnO exhibits a hexagonal wurt-
zite crystal structure at ambient temperature and pressure.
Ionicity is present in Fig. 1a, b, which represents the
boundary between ionic and covalent semiconductors. The
Hermann–Mauguin notation’s P63mc class or the Schoen-
flies notation’s C6v

4 class are the respective classes to which
the hexagonal wurtzite crystal structure belongs. In the ZnO
primitive unit cell (shown as a thicker line in Fig. 1a), four
oxygen ions form a tetrahedral coordination around each
zinc ion, and the opposite is also true. Wurtzite ZnO exhi-
bits a quartet of common crystal faces: the non-polar
(11_20) (a-axis) and (10_10) faces, which both have a
similar amount of Zn and O atoms; and the polar Zn-
terminated (0001) and O-terminated (000_1) faces (c-axis
orientated). It is discovered that while the polar and (1010)
surfaces are stable, the (11_20) face is not as stable [26].
The X-ray diffraction (XRD) method is commonly used to
estimate the lattice parameters at room temperature in an
ideal wurtzite structure are a= 3.25 and c= 5.20 Å, in the
ratio c/a= 1.6. Normally, the a-parameter falls between
3.2475 and 3.2501 Å, while the c-parameter normally runs
between 5.2042 and 5.2075 Å. The concentration of foreign
atoms, flaws, outer pressures, and temperature all affect how
the lattice characteristics vary [27, 28].

2.3 Electronic properties

Experimental evaluations of several hypotheses have been
employed to calculate and ascertain the band structure and
electronic states of wurtzite ZnO [29]. One of the aspects of
ZnO that has been investigated the most is its electronic
properties. Generally speaking, ZnO’s electrical behavior is
represented by the density of states (DOS) and energy band

Fig. 1 Illustration depicting the
crystal structures of ZnO
wurtzite: (a) lateral view and (b)
upper view [27]
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structure, which are essential for designing devices. ZnO’s
typical estimated energy band structure showed a direct-
type band gap in the center of the Γ k-point grid or at the
Brillouin zone path G-G [30, 31]. Using the Local Density
Approximation (LDA) and atomic self-interaction corrected
pseudo potential (SIC-PP), the band structure computation
is displayed in Fig. 2 [27]. The Zn 3d levels are linked to the
bands in the valence band that are between −10 and −5 eV,
while the O 2p orbitals are mostly represented by the upper
6 bands that stretch from −5 eV to 0 eV. The conduction
band’s (CB) initial two bands correspond to empty Zn 4s
levels. This calculation indicated that the band gap value
was 3.77 eV [32].

ZnO is an intrinsically n-type semiconductor because of
the stoichiometry deviation and the presence of intrinsic
defects such as oxygen vacancies (VO), zinc interstitials
(Zni), and zinc vacancies (VZn). The existence of inherent
defects such as oxygen vacancies (VO), zinc interstitials
(Zni), and zinc vacancies (VZn), as well as the stoichio-
metry deviation, make ZnO an innately n-type semi-
conductor [33].

3 Principles of ZnO photocatalyst

In the petrochemicals, refinery, processing of food, and
environmental remediation industries, catalysis is crucial.
These chemical reactions can be accelerated by applying
UV-visible irradiation to a particular semiconductor pho-
tocatalyst in certain situations. [34]. Figure 3 illustrates the
general mechanism of heterogeneous photocatalysis
processes.

ZnO is used as a photocatalysis material in various
environmental utilization, such as the production of
renewable energy through water-splitting and reduction of
carbon dioxide to hydrocarbon-based fuels, green organic

synthesis, automatic cleaning operations, sterilization reac-
tions, and water and air treatment [35]. Figure 4 shows a
variety of uses for ZnO photocatalysts in the energy and
environmental domains.

Photocatalytic processes in ZnO are initiated by the
absorption of light radiation with energy (hv) equal to or
more than the ZnO band gap energy (hv ≥ Eg). The gen-
eration of holes (h+) in the valence band (hVB+) occurs as
a result of photon absorption-induced excitation and elec-
tron transfer (e−) from the valence band (VB) to the con-
duction band (eCB−) [36]. The second stage involves the
migration and separation of charge carriers (e− and h+) to
the ZnO surface. When heat or photons are released,
recombination of electrons and holes may occur, which
lowers the quantum efficiency of the photocatalytic process.
There is a substantial association between the nature of ZnO
nanostructures and many characteristics that affect the
recombination rate [37]. Superoxide anion radicals (O2

−•)
and hydroxyl radicals (•OH) are produced via reduction and
oxidation processes, respectively, by the extremely reactive
electrons and holes on the surface of the ZnO photocatalyst.

Fig. 2 Wurtzite ZnO band structures derived from density-functional
theory computations [27]

Fig. 3 A representation shows how charge carriers (e− and h+)
develop on a ZnO nanostructured surface and how pollutants are
degraded by photocatalysis

Fig. 4 ZnO nanostructures’ photocatalytic uses in the fields of energy
and the environment
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Since the redox potential of O2/O2
−• (−0.33 V vs. NHE) is

less negative than the bottom level of the conduction band
potential (−0.5 V vs. NHE) in ZnO, electrons can generate
superoxide anion radicals. On the other hand, holes can
oxidize water molecules to create hydroxyl radicals because
the top of the valence band potential (+2.7 V vs. NHE) is
more positive than the redox potential of •OH/H2O
(+2.53 V vs. NHE). These reactive radical species partici-
pate in the photocatalytic process via a set of the following
reactions [38].

ZnOþ hυ ) ZnOðhυbþe�cbÞ ð1Þ

H2Oþ hþv b ) �OHþ Hþ ð2Þ

O2 þ e�cb ) O��
2 ð3Þ

O��
2 þ Hþ ) HO�

2 ð4Þ

HO�
2 þ Hþ ) H2O2 ð5Þ

H2O2 þ hυ ) 2:OH ð6Þ

Risky compounds in interaction with

�OH orO�
2 :4Intermediates4Harmful Products

According to kinetic studies, photocatalysis’s breakdown
of organic pollutants follows a Langmuir–Hinshelwood
principle and a quasi-first-order reaction [39]. The rate of
photocatalytic decomposition (r) is denoted by

r ¼ �dcðtÞ=dðtÞ ¼ kobs CðtÞ ð7Þ

where the measured rate constant, kobs, and the reactant
concentration, C (t), are given at time t. At extremely low
concentrations, the streamlined Langmuir–Hinshelwood
model yields the following apparent rate constant, or Kapp:

LnCo=C ¼ kappt ð8Þ
Where C0 is the substance’s starting concentration before
photocatalysis. Hence, the photocatalytic decomposition
rate is shown by the linear fit between ln(C0/C) and
irradiation duration. An examined sample’s photocatalytic
activity is better when its Kapp value is higher.

4 Benchmarking of the doping impact of
ZnO-Visible light photocatalyst

ZnO’s band gap needs to be narrowed for photocatalytic
processes to occur in visible light. ZnO doping can decrease
the band gap in many ways, including raising the valence
band maximum, reducing the conduction band minimum, and
adding localized energy levels to the band gap [40]. The three
distinct scenarios for producing visible-light-driven photo-
catalysts, like ZnO, via metal and doping, are shown in Fig. 5.

It has been demonstrated that metal doping, with less than
10 at% of foreign cations, can move the semiconductor
photocatalyst’s absorption edge into the visible range. When
the metal cation states interact with the valence or conduction
band of ZnO, band gap narrowing and intraband gap levels
are generated. Metal ions are used as electron acceptors in the
p-type doping seen in Fig. 5, which creates a level in the band
gap below the initial conduction band. Furthermore, a level
above the valence is produced by doping metal ions with
n-type electron donors. Extended wavelength light can be
absorbed by these recently developed states. The concentra-
tion, ionic radius, and electronegativity of the metal dopants
determine whether they segregate to grain boundaries or
occupy substitutional or interstitial locations in the ZnO lat-
tice. Whereas metal doping produces mid-gap level states that
increase the absorption of light to visible light, these new
states have the potential to function as charge recombination
centers, which could reduce photocatalytic activity [41].

By raising the valence band maximum in the nonmetal
substitution scenario, substitution produces a new valence
band state that causes the band gap to decrease. Conse-
quently, nonmetal doping is less likely to create recombi-
nation centers than metal doping. Therefore, nonmetal
doping works better to increase ZnO’s photocatalytic
activity when exposed to visible light. Surprisingly, doping
should produce new band states with sufficient oxidation
and reduction potential for superoxide and hydroxyl radi-
cals to produce reactive •OH and O2

−• radicals for photo-
catalytic destruction [13, 40–42].

4.1 Metalic doped ZnO

One well-known method for adjusting ZnO’s band gap to
make it a visible light-active photocatalyst is to dope the

Fig. 5 Infographic illustrating
the doping effect on zinc oxide’s
band gap energy levels: a)
pristine ZnO, b) ZnO with
metal-doping (donor level), and
c) ZnO with metal doping
(acceptor level) [42]
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crystal lattice with transition metals [40]. The ZnO host’s
shape, particle size, and crystallite size can all be altered by
metallic doping. It is commonly known that the presence of
metal doping limits the growth of ZnO, resulting in the
formation of smaller nanostructures with greater surface
area [43]. When metallic cations are substituted, the Zn
environment in the ZnO lattice is altered, along with the
electrical band structure and the introduction of many
structural defects such as oxygen vacancies. Oxygen
vacancies could function as effective traps for electrons and
improve the efficiency of photo-generated electron/hole
dissociation [44, 45].

Transition-metal dopants are often used because of their
non-full d or f orbitals. The ZnO optical absorption edge
extends into the visible light spectrum during doping.
Doping ZnO does not modify its energy band gap value;
instead, the dopants’ inclusion creates mid-state gap energy
that is activated by visible light [46]. This is widely
acknowledged to be associated with the sp-d spin exchange
interaction between localized d-electrons of the transition
metal ions (TM ion) and ZnO band-edge electrons. Three
types of transitions can be identified based on the electrical
transitions linked to TM-doped ZnO nanostructures. These
transitions are explained as follows: i) charge transfer
transitions between the host CB and the dopant d-state, as
well as between the host VB and the dopant d-state; ii)
dopant-induced d-d inner transition; and iii) stimulation of
electrons from the VB to CB of the ZnO host. Transitions of
types (ii) and (iii) can happen in visible light. After per-
sisting in ZnO’s VB, photogenerated holes travel to the
surface where they form active •OH radicals. O2

−• is cre-
ated when the excited electrons react with the adsorbed O2
while they are trapped in the TM dopant sites. These spe-
cimens take part in processes of photocatalytic degradation
[47].

ZnO photocatalyst activity can be enhanced by the oxi-
dation states of certain transition metals, such as Fe and Cu.
When ZnO is doped with the right amounts of Fe and Cr,
ferromagnetic photocatalysts are formed. This is useful for
gathering photocatalysts after the degradation reaction from
the surrounding environment. Additionally, several inves-
tigations have demonstrated a considerable decrease in ZnO
photocatalytic activity following doping with TM ions such
as Fe, Co, Ni, and Mn. The function of non-metal dopants
will be studied in the ensuing sections.

4.2 Non-metalic doped ZnO

ZnO nonmetal doping has been studied extensively as a
potential oxygen atom replacement. Various photocatalysts
have been produced that show promise when exposed to
visible light. As was previously mentioned, the band gap
reduces as a result of the hybridization of ZnO’s O 2p states

and nonmetal dopant orbitals raising the valence band’s
upper edge. Effective nonmetal dopants must have two
primary characteristics: they must be smaller than lattice O
atoms and have an electronegativity lower than that of
oxygen [48]. When nonmetals like carbon (C), nitrogen (N),
and sulfur (S) are doped into ZnO, the valence band is
broadened and intermediate energy levels are formed. This
results in visible-light photocatalytic activity. Nitrogen is
the nonmetal dopant that has garnered the greatest attention
up to this point. This is because of its benefits, which
include low production energy, excellent solubility in the N
2p and O 2p energy states, and similarity between nitrogen
and oxygen ionic radii. Band gap shrinking results from the
hybridization of N 2p and O 2p states, which raises the
valence band’s upper edge [49, 50].

Different characteristics of N-substituted ZnO can be
seen according to methods of preparation and source of
nitrogen doping. Ferrari-Lima et al. reported that N-doped
ZnO derived from ammonium hydroxide has a higher
specific surface area. [51]. They explained this by saying
that the presence of nitrogen causes controlled crystallite
nucleation and growth. In contrast, Wu [52] found that
when N-doped ZnO was calcined with NH4NO3 as the
nitrogen source, the specific surface area of the ZnO sample
decreased as a result of a breakdown of tiny pores.

The second most common method of nonmetal doping
ZnO is carbon doping, which has attracted a lot of attention
lately. Through DFT simulations, Pan et al. [53] investi-
gated the structural and magnetic characteristics of both
pure and C-doped ZnO. Carbon inclusion is observed with
carbon oxidation numbers ranging from −4, where an
oxygen atom (CO) is replaced, to +4, where carbonate
species (CZn+ 2Oi) are created after the formation energies
of carbon doping were calculated. There is also evidence of
carbon doping on Zn sites (CZn) and interfacial carbon (Ci).
By ab initio methods to compute the formation energy of C
doping, Tan et al. [54] showed that the formation energy of
CZn and CZn+ 2Oi increased with decreasing partial
pressure of oxygen and that the oxygen-rich environment
was conducive to the development of CO/CO2 species.
Additionally, they discovered that the acceptor state,
CZn+ 2Oi, had a relatively large production energy, and
the donor state, CZn, had a comparatively low production
energy.

It is proposed that sulfur doping of ZnO can alter its
optical, electrical, and photocatalytic properties because S
has a higher Bohr radius than O due to the difference in
their electronegativity. S-doped ZnO’s photocatalytic qua-
lities in visible light have not been well studied and are
subject to considerable debate. In particular, there have been
reports on the Burstein-Moss effect-caused band gap
broadening resulting from S doping [55]. However, other
investigations have reported a decrease in the band gap. It is
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necessary to clarify these conflicting findings on S-doped
ZnO from both theoretical and experimental perspectives by
employing particular concentration and doping techniques.
Research on S-doped ZnO, both theoretical and experi-
mental, can shed light on the function of S atom doping as
well as the characteristics of the material. DFT calculations
were used by Zhang et al. to investigate the connection
between sulfur doping and photocatalytic activity [56].
They claimed that the physical properties of S-doped ZnO
are influenced by the different S substitutional sites in the
ZnO lattice. In SO-doped ZnO, the O 2p states combine
with the S 3p levels, which are located above the valence
band, to shrink the band gap. The slowing of electron/hole
recombination and the entry of VO and VZn into the ZnO
crystal lattice are the main factors impacting the photo-
catalytic activity of S-doped ZnO, and they were discussed.

For visible light-responsive photocatalysts, the doping
strategy, as shown in Fig. 6, is a helpful way to alter the
photocatalytic activity of ZnO nanostructures. The doping
process’s general characteristics include altering the pro-
ducts’ morphology and generating different defects
including oxygen vacancies, dislocation, and crystal defor-
mation. When the right kind and dopant concentration are
added, these flaws can significantly increase ZnO’s photo-
catalytic activity.

5 ZnO’s progress in eliminating water
pollutants

The most hazardous organic substances are phenolic com-
pounds, dyes, and persistent organic pollutants. Because of
their extreme danger to human well-being, marine organ-
isms, and the natural world, these compounds have long
been the subject of concern. Because organic contaminants
can accumulate in the waters as they gradually make their

way up the food chain, they must be removed from indus-
trial effluent. To get rid of the organic contaminants, several
techniques have been devised and implemented [56–59].
However, the majority of these techniques are inappropriate
for field applications because they call for labor-intensive,
time-consuming procedures, extremely precise sample pre-
paration, expensive or specialized instruments, poor
removal efficiency, and lengthy turnaround times. Modern
photodegradation technique has been widely used because
of its capacity to eliminate persistent organic pollutants,
dyes, and phenolic chemicals from wastewater. This tech-
nology is gradually finding its way into a wide range of
businesses and is even starting to be sold internationally.
Because of its low cost and photosensitivity, ZnO has been
a popular option for use as a photocatalyst to remove spe-
cific contaminants. ZnO photocatalyst-mediated photo-
degradation of organic contaminants is a straightforward,
adaptable, and economical remediation method [60–63].
Numerous studies have demonstrated that using ZnO as a
photocatalyst under UV or visible light reduces the con-
centration of pollutants in water. Table 2 displays the
effective use of ZnO in photodegradation to eliminate dyes
and water contaminants.

6 Electron hole recombination in ZnO

The high rate of electron/hole recombination greatly reduces
the photocatalytic activity of individual photocatalysts.
Researchers are focusing more on the idea of enhancing pho-
tocatalytic activity by preventing their recombination. Several
strategies for modification have been developed to address the
aforementioned issues. Including plasma excitonic components
and upconversion influences into materials for photocatalysis
significantly broadens the ability to absorb and use light, which
has important implications for developing novel effective

Fig. 6 Characteristics of metal
and nonmetal doping to improve
ZnO photocatalyst activity in
visible light
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photocatalysts with wide-spectrum absorption characteristics.
Metal doping and morphology adjustment can also partially
prevent complications. Apart from these methods, some other
methods have also been investigated and documented in dual
semiconductors. These methods include the creation of het-
erojunctions between semiconductors and the utilization of
photocatalytic effects to construct external circuits, both of
which can significantly enhance photocatalytic performance.

When a photocatalyst is exposed to the right amount of
energy, electron (e−)− electron–hole (h+) pairs are

generated throughout the entire catalyst. Only an electron
and an electron hole on a photocatalyst surface cause it to
interact with a substrate. There are more (e−+ h+) pairs on
the surface of a photocatalyst if the movement of
electron–hole, and electron on the surface is fewer than
recombination. This boosts process efficiency [64]. There-
fore, the longer the lifetime of photo-excited electron holes
and electrons, the higher the photocatalyst’s impact.

Photocatalysts are typically semiconductor solid oxides
with the ability to absorb light and produce pairs of

Table 2 ZnO-mediated photocatalytic degradation of certain organic pollutants

Contaminant Conditions of the experiment Rate of degradation Ref

MB 20 mg in 50 mL catalyst. And 10 mg L−1

contaminant. 300W Xe lamp as a Light
source

Efficiency of Photodegradation: ~97% [91]

MB 0.02 g in 100
mL catalyst, and 20 mg L−1 contaminant.
40W UV-C and 40W Xe lamps
light sources

Efficiency of Photodegradation:
98%

[92]

MO and
RhB

0.1 g in 100 mL catalyst, 10−4 mol L−1

contaminant, 500W halogen lamp as the
light source.

Efficiency of Photodegradation:
88% (MO) and76% (Rh B).

[93]

MO 50 mg in 50 mL catalyst, 10 mg L−1

reactant, 100W high-pressure light source.
Efficiency of Photodegradation:
90% at light and vibration,
60% at vibration, and 55% with
light.

[94]

Crystal violet dye 0.1 g in 100 mL catalyst, 25 μM reactant,
and single Heber tungsten lamp as a light
source (500W).

Efficiency of photodegradation
98% (UV–Vis)

[95]

RhB, MO, and MB 50 mg in 100 mL catalyst, 10 mg L−1

reactant, and xenon lamp (75W) visible
light with UV cut off filters.

Efficiency of photodegradation 75.3%
(MO), 88.08% (RhB), and 93.9% (MB).

[96]

MB 10 mg in 50 mL catalyst, 30 mg L–1

reactant, and 300W xenon lamp as the
light source.

Efficiency of Photodegradation:
80%

[97]

Leachate 400 cm2 coated area of 60 g/m2 catalyst,
800 mg L−1 reactant, and 32W light
source.

Efficiency of photodegradation:
61%

[98]

Fluorophenol
(phenolics)

32W Hg lamp as a light
Source, ZnO
2 g/L catalyst, and 100 mg/L reactant.

Efficiency of photodegradation:
60%

[99]

Chlorophenol (4CP) 2 g/L catalyst, 50 mg/L reactant, and 6W
UV lamp as a light source.

the efficiency of photodegradation:
50%

[100]

Phenylhydrazi-ne 0.25 g catalyst, 20 mg/L reactants, and
75W Hg lamp as a light source.

the efficiency of photodegradation:
37%

[101]

Ortho-nitrophenol 0.25 g/L photocatalyst, 10 mg/L reactant,
and lamp with 30W UV-C light source.

the efficiency of photodegradation:
98%

[102]

Acid Red 18 4 g/L catalyst, 0.0005M reactant, and
medium pressure 64W lamp as a light
source.

the efficiency of photodegradation:
100%

[103]

Methyl Orange 1 g/L−1 catalyst, L/L reactant, and high
pressure 125W Hg Lamp as a light source.

Efficiency of photodegradation:
60%

[104]

Orang II (OII) 0.5 g L−1, and 18W UV lamp as a light
source.

Efficiency of photodegradation:
100%

[105]

Acridine orange 5 g/L catalyst, 0.00005M reactant, and
500W halogen lamp as a light source.

Efficiency of Photodegradation:
98%

[106]

Methyl Green (MG) 0.25 g/L catalyst, 50 mg/L reactant, and
30W visible light lamp source.

Efficiency of Photodegradation:
100%

[107]

Methylene Blue (MB) 20 mM catalyst, and 500W tungsten-
halogen light source.

Efficiency of Photodegradation:
80%

[74]

Phenol 292.2 mg L−1 reactant, 1 g L−1 catalyst,
and 1500 xenon lamp light source.

Efficiency of Photodegradation:
42%

[108]

Rhodamine 0.10 g of catalyst, 100 mL of 5 ppm RhB,
and 300W halogen lamp as light source.

Efficiency of Photodegradation:
99%

[72]
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electrons when it does so. These electron–hole pairs oxidize
the materials that are already present at the surface to
relatively safe materials through their reaction [65, 66].
When photocatalyst material such as ZnO is exposed to
light with a wavelength that is equal to or greater than its
band gap, an electron is moved from its valence band to the
conduction band, and an electron–hole pair is created. The
electron can react with other substances and electron donors
on the surface, or it can join with the hole once more to
release energy. However, it has been practically found that
when the rate of electron–hole recombination is high, the
photocatalytic activity is low [67–71]. The spectrums of
photoluminescence analysis (PL), investigate the
electron–hole recombination rate of various materials. Low
PL spectrum intensity materials have low photogenerated
charge carrier recombination rates, whereas high PL spec-
trum intensity materials have high recombination rates.
Based on these facts, one can determine the recombination
rate of the photocatalyst material and accordingly predict
the photocatalytic activity. Various reports have been
focused on the photocatalytic activity of the ZnO depending
on the electron–hole recombination rate. In this section, we
will critically demonstrate the impact of this rate on the
overall performance of the ZnO photocatalyst.

Reyhaneh Saffari et al. developed pure and P-ZnO
microparticles by the hydrothermal technique and employed
them for the photocatalytic degradation of the RhB con-
taminant [72]. The optimum doped sample exhibits a
reduced intensity of band emission compared to pure ZnO,
indicating a decrease in electron–hole recombination in this
sample. Adding P to the ZnO structure creates some midgap
levels between the conduction and valence bands in the
structure. Since P acts as a separating center in the structure,
this can facilitate the separation of electron–hole pairs more
successfully. The best electron–hole pair separation was
found in the P-ZnO1.8% with the lowest peak intensity,
which is likely why it has higher photocatalytic activity.

Pure and S-incorporated ZnO nanoparticles were syn-
thesized hydrothermally by Zahra Mirzaeifard et al., and the
results were used to degrade the RhB dye [73]. Examining
the electron transitions and lifetime of the electron–hole
pairs created by light radiation is made easy with the help of
the PL spectrum. Their PL investigation has shown that All
pure and S-ZnO nanoparticles, have PL spectra with three
broad peaks: one sharper peak at about 405 nm, another
broad peak at about 430 nm, and a wide peak at about
385 nm. Near band-edge UV emission is represented by the
peak at about 385 nm. The presence of a single oxygen
vacancy in the ZnO lattice, caused by radiative
electron–hole recombination at the oxygen vacancy sites, is
the cause of the other two PL peaks [73].

Supamas Danwittayakula et al. produced zinc oxide/zinc
tin oxide (ZnO/ZTO) nanocomposites on porosity ceramic

bases by employing an easy and affordable hydrothermal
process for the photocatalytic degradation of organic dyes
[74]. They combined ZnO and ZTO to increase photo-
catalytic activity even further and discovered that ZnO/
15ZTO was a more effective photocatalyst, resulting in a
16% improvement in degradation efficiency. This
improvement was ascribed to the composites’ ability to
reduce electron–hole recombination through charge carrier
separation. Furthermore, when exposed to solar radiation,
ZnO/15ZTO demonstrated 50% photocatalytic degradation
efficiency and 77% COD elimination of textile wastewater.
A highly promising photocatalyst for solar photocatalytic
applications is the ZnO/ZTO monolith.

To improve the organic matter removal effectiveness in
water, Jungsu Choi et al. synthesized 3D structured Pd/ZNO
on the developed electrospun nanofibers and investigated
ways to reduce electron–hole recombination via the pho-
tocatalytic process and maximize the surface area [75]. To
carry out water treatment, ZnO was grown on Pd-coated
nanofiber. This enhanced surface area and suppression of
electron–hole recombination boost OM removal efficiency.
They indicated that the extra Pd layer inhibits electron–hole
recombination as shown in Fig. 7.

Increased photocatalytic and photocurrent characteristics of
porous ZnO thin film with Ag nanoparticles were reported by
Lv et al. [75]. The information regarding the recombination of
photogenerated electrons and holes is provided by photo-
luminescence (PL). Before diffusing to the ZnO surface, the
excited electrons recombine with the holes, and this irradiative
release of energy produces fluorescence. They showed that the
recombination of photogenerated electron–hole pairs close to
the band boundaries may be responsible for the UV emission
band. Additionally, they observed that when degrading MO
solution, the Ag/ZnO thin film had higher photocurrent and
photocatalytic activity than the bare ZnO. The Schottky barrier
that developed between ZnO and Ag nanoparticles is thought
to be the cause of this improvement, as it improved separation
and reduced recombination of photogenerated electron–hole
pairs at the interface.

ZnO nanoparticles with varying defect concentrations
have been produced by Bhatia et al. using a straightforward
combustion process at 7000 °C and air quenching as a final
step [76]. They applied the advantage of the PL spectra of
both air-quenched and pure ZnO, which exhibit a broad
emission peak at 450 nm that is linked to defect levels, or
oxygen vacancies. During photocatalytic reactions, these
oxygen vacancies may function as electron acceptors,
lowering the rate of electron–hole recombination. The
recombination of photogenerated charge carriers was
inhibited by the increase in surface oxygen vacancy, leading
to an enhancement in photocatalytic activity.

ZnO nanoparticles (NPs) and strontium-doped ZnO
nanoparticles developed by the co-precipitation method
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were reported by Raj et al. [77]. They discovered that
inherent flaws caused a sequence of visible emissions
between 400 and 560 nm, and the photoluminescence (PL)
spectrum shows that UV emission is strongly close to the
band-edge area (392 nm). RhB dye kinetic tests show that
the degradation rate has increased as dopant concentration
has increased. As seen in the FESEM images of Fig. 8a–h, it
is evident that the nanoparticles’ average diameters fall
within the nanometer range. The produced nanoparticles are
seen to have a high connection and to be evenly dispersed
throughout the surface. The enhanced photocatalytic activ-
ity is attributed to effective charge separation, enhanced
visible light absorption, inhibition of electron–hole pair
recombination, and improved adsorptiveness of RhB dye
molecule on the surface of the pure and Sr-doped ZnO
nanoparticles. Furthermore, the results show that strontium-
doped ZnO NPs have better photocatalytic activity as seen
by the decrease in total organic carbon.

7 Conclusion

Since the photocatalytic procedure relies on the creation of
electron or hole pairs through band gap radiation, combin-
ing various semiconductor oxides appears to help achieve
potentially higher photocatalytic activity and, in turn, more
efficient electron/hole pair separation under irradiation. In
conclusion, this review summarized recent ZnO photo-
catalysis application developments in water treatment.
Following an introduction to the photocatalytic process’
mechanism and ZnO’s characteristics, a detailed demon-
stration of the most current developments in ZnO photo-
catalytic removal of many typical water pollution categories
was given, along with a few new photocatalysts. Through
the synergistic effect of composite components, photo-
catalytic performance-enhancing solutions were identified.
Although there have been some notable developments
recently, the effectiveness of degradation and recycling
occupancy remains poor and impractical. This review
shows that the effectiveness of photocatalytic reactions is
greatly influenced by every stage of the process, involving
charge separation, recombination, transport, adsorption,
excitation, and semiconductor surface response. ZnO hybrid
photocatalyst with improved interfacial charge transfer to
adsorbed pollutants, longer charge carrier lifetimes, and
more efficient charge separation were the outcomes of
coupled semiconductors formed by ZnO and other metal
oxides, such as TiO2, SnO2, Fe2O3, WO3, and so forth. In
addition, incorporating hybrid materials significantly
enhances the ZnO photocatalyst’s optical and physical
characteristics. To attain optimal efficiency, other factors
that must be considered include the rate of degradation,Fig. 7 The Pd-coating on the nanofiber that inhibits electron–hole

recombination [75]

Fig. 8 SEM Images of pure and Sr-doped ZnO NPs: (a, b) ZnO NPs (c, d) 2% Sr-doped ZnO NPs (e, f) 4% Sr-doped ZnO NPs (g, h) 6% Sr-doped
ZnO NPs [75]

802 Journal of Sol-Gel Science and Technology (2024) 110:792–806



temperature, pH, charged type of contaminants, reactor, and
source of light. Thus, when developing and producing
multipurpose semiconductor photocatalysts for the photo-
catalytic treatment of organic contaminants, all parameters
had to be taken into account and meticulously tuned.

7.1 Future challenges and prospects

Due to its high photocatalytic activity, photostability, and
nontoxicity, modified ZnO photocatalyst is expected to find
industrial use in the future. To improve its photocatalytic
activity under direct sunlight irradiation, however, more
modifications are required to minimize recombination losses
and reduce the band gap energy. Therefore, the modeling study
is necessary to develop an effective photoreactor or system for
organic dye, phenolic chemicals, and long-lasting organic
pollutants in our wastewater stream and to gain greater insight
into the photocatalytic oxidation degradation mechanism.

8 Availability of data and materials

The data are available in the manuscript.
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