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Abstract

Industrial modernization has generated a wide range of toxic contaminants in industrial
wastewater and domestic effluents. The increasing presence of emerging contaminants
and endocrine disruptors in aquatic environments poses serious threats to ecosystems and
human health. Accordingly, effective strategies are urgently needed for the removal of
emerging organic pollutants, including dyes and antibiotics in pharmaceutical wastewater.
Photocatalysis has attracted considerable interest as a versatile and sustainable remediation
approach because photocatalysts are often cost-effective, earth-abundant, and capable
of utilizing solar energy. This review summarizes recent advances in ZnO-based photo-
catalysts, focusing on compositional tuning and heterostructure engineering to enhance
pollutant degradation. The major photocatalytic degradation mechanisms are also dis-
cussed. Despite significant progress, challenges remain, including limited light absorption,
poor catalytic stability, and obstacles to practical application in wastewater treatment. This
review provides an updated perspective on the development of ZnO-based photocatalysts
for emerging pollutant removal.

Keywords: photocatalysis; emerging contaminant; degradation mechanism;
ZnO heterojunctions

1. Introduction
The discharge of organic contaminants from domestic and industrial sources poses

serious environmental challenges. Rapid industrialization and urbanization have acceler-
ated the use of a wide range of organic chemicals, leading to the generation of polluted
wastewater [1]. Common organic pollutants in wastewater include organic solvents, phar-
maceutical residues, dyes, phenolic compounds, fluorinated compounds, and pesticides [2].
Their toxicity is closely related to their chemical structure and composition [3], and many
of these contaminants are highly persistent, remaining in the environment for prolonged
periods [4].

Various conventional strategies, including adsorption [5], biodegradation [6] coagula-
tion [7], and membrane filtration [8], have been employed to remove organic pollutants
from wastewater. However, these methods often suffer from important limitations, such as
incomplete removal of emerging contaminants, poor effectiveness toward trace-level pollu-
tants, and high operational costs [9,10]. Therefore, aeffective and sustainable approaches
are urgently needed to transform these synthetic chemicals into less toxic species or to
achieve their complete mineralization, thereby minimizing their environmental impact.
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Among the available remediation technologies, photocatalysis has emerged as a highly
promising strategy because it can utilize sunlight as an abundant and sustainable energy
source for organic decontamination [11]. By driving diverse photoredox reactions, photo-
catalysis can be exploited not only for the degradation of organic pollutants but also for the
synthesis of value-added chemicals, depending on the intended application [12,13]. Owing
to their structural stability, light-harvesting ability, tunable surface and bulk properties, and
generally low toxicity, photocatalysts have attracted considerable interest in wastewater
treatment to remove organic waste. Photocatalyst materials have also emerged to remove
harmful antibiotics from wastewater [14].

Photocatalysts can be applied directly for pollutant degradation through photo-Fenton,
photoelectrochemical, and slurry-based processes [15,16]. Indirectly, they can also be used
to generate valuable oxidants, such as hydrogen peroxide (H2O2) and peroxydisulfate
(PDS), which play key roles in advanced oxidation processes (AOPs) [17,18]. In situ
generation of hydrogen peroxide (H2O2) is also an important strategy for wastewater
treatment [19,20].

AOPs have gained significant attention because they enable the generation of highly re-
active species, particularly hydroxyl radicals (•OH) and sulfate radicals (SO4

•−) [21], which
possess strong oxidation potential and can degrade a broad spectrum of organic pollutants.

In semiconductor photocatalysis, light irradiation excites the photocatalyst and gen-
erates electron-hole pairs. These charge carriers actively participate in photodegradation
pathways. Photogenerated holes can directly oxidize organic molecules, whereas photogen-
erated electrons can drive oxygen reduction reactions to produce H2O2, which subsequently
serves as a precursor for •OH radical generation. Direct reduction in O2 to superoxide
radicals is another important intermediate, which can be reduced further to H2O2 [22]. In
addition, conduction-band electrons may contribute to the formation of singlet oxygen,
another highly reactive oxygen species (ROS) effective for pollutant degradation [23,24].
Therefore, careful tuning of the surface and bulk properties of photocatalysts is essential
for promoting charge separation and controlling the generation of ROS.

A wide range of photocatalytic materials has been investigated for organic pollutant
degradation, including metal oxides [25,26], metal-organic frameworks (MOF) [27–29],
and organic semiconductors, such as g-C3N4 [30,31]. Among these, metal oxides offer a
particularly stable platform for photocatalytic and antimicrobial applications [32]. Stabil-
ity of oxides has also facilitated their use as protective layer for electrocatalytic applica-
tions [33]. Among various oxides, Zinc oxide (ZnO) is especially attractive because it is
earth-abundant, inexpensive, and widely used in photochemical and photoelectrochemical
systems. However, despite its structural stability under illumination, ZnO suffers from sev-
eral intrinsic limitations. Its wide band gap (~3.37 eV) restricts light absorption primarily
to the ultraviolet region, which constitutes only a small fraction of the solar spectrum [34].
In addition, ZnO exhibits rapid recombination of photogenerated charge carriers, which
significantly reduces photocatalytic efficiency.

Intrinsically ZnO is susceptible to photo corrosion phenomena in solution-based
photochemical reactions. The photogenerated holes at the surface could be responsible
for the formation of O-O bond at the surface of ZnO, triggering the release of Zn2+ at the
surface. The released Zn2+ may form Zn(OH)2 at the surface of ZnO; it may reduce the
photocatalytic activity of ZnO. The dissolution of ZnO is also affected by pH; under alkaline
pH, the dissolution can begin at pH 10, and it could be more severe under highly alkaline
pH [35]. Furthermore, acidic pH is not suitable for ZnO, and pH < 4.0 can accelerate the
dissolution of ZnO [36].

Constructing ZnO-based heterostructures with other semiconductors offers an effec-
tive route to overcome these limitations. Such heterostructure engineering can broaden
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optical absorption into a wider wavelength range, improve charge separation, and ulti-
mately enhance photocatalytic performance. In this context, the present review provides an
overview of recent advances in ZnO-based heterostructured photocatalysts for the degrada-
tion of organic pollutants. Particular emphasis is placed on structure-property relationships
and on the catalytic features that govern favorable degradation pathways. A system-
atic summary of recent developments in ZnO-based heterostructures for photocatalytic
wastewater treatment is presented below.

2. ZnO-Based Binary Heterostructure
2.1. ZnO/Chalcogenides Composites

Metal selenides narrow band gap materials are attractive for diverse catalytic appli-
cation [37]. Mubeen et al. [38] have designed a heterostructure photocatalyst composed
of ZnO/CuSe and applied it for the degradation of methyl blue dye. The composition of
the heterostructure photocatalyst was adjusted by varying the ratio of CuSe from 10 to
50%. For the sake of comparison, ZnO and CuSe were also prepared and tested for the
degradation test. The precipitation synthesis strategy was adopted for the preparation
of photocatalysts, which is a facile approach for material preparation. The objective of
this work was to tune the band gap and enhancing charge separation of the designed
heterostructure. The narrow band gap of CuSe was helpful to lower the band gap of
ZnO/CuSe. The band gap of heterostructure was observed in the range of 2.42 eV to
2.62 eV, and was significantly lower compared to that of pristine ZnO, being 3.36 eV. The
formation of the P-N junction between the ZnO and CuSe heterostructure photocatalyst
has enabled effective separation of photoinduced charge carriers. The separation of charge
carriers through the formation of heterostructure is shown in Figure 1a,b. In the proposed
mechanism for photocatalysis, the authors have suggested that photogenerated electrons
were transferred from conduction band (CB) of p type CuSe to n type ZnO, whereas the
photogenerated holes were transported in the opposite way from valence band (VB) of ZnO
to VB of CuSe. Such charge transfer could be helpful in preventing the recombination of
photoinduced charge carriers. It was depicted in corresponding improvement in the kinet-
ics of photodegradation of methyl blue, that the heterostructure ZnO/CuSe has reflected
six times faster degradation when compared to pristine ZnO. The authors have suggested
the involvement of superoxide (•O2

−) and hydroxyl (•OH) radicals, which have played an
important role in photodegradation of methyl blue dye. Improvement in photocatalytic
activity was due to formation of the P-N junction, extended separation of charge carriers
and extending the light absorption in the visible region.

A Z-scheme photocatalyst composed of SnIn4S8@ZnO has been developed using
hydrothermal method [39]. The composite photocatalyst with a ZnO to SnIn4S8 ratio
of 800 demonstrated optimum performance for degrading methylene blue dye. ZnO
nanoflakes were obtained using a hydrothermal method and SnIn4S8 nanoparticles were de-
posited on top of ZnO. The formation of the heterojunction interface is shown in Figure 1c,d.
The designed catalyst has demonstrated rapid degradation of dye within 20 min, and 91%
of dye was removed. This work shows controlled deposition SnIn4S8 for regulating the
photocatalytic activity of ZnO.

Formation of the heterojunction between SnIn4S8 and ZnO has reduced recombination,
as observed from decreased PL intensity. Furthermore, combining ZnO with SnIn4S8 has
improved the optical absorption characterstics as reflected from shortening of the band gap
from 3.22 to 3.19 eV. TOC analysis has shown 18% of TOC removal after 20 min, reflecting
partical mineralization using SnIn4S8@ZnO. XRD analysis before and after photodegrada-
tion has shown no significant change reflecting the structural stability. However, during the
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cycling test it was osberved that after third cycle the degradation efficiency was reduced to
68%. The possible surface change could be responsible for decline in activity.

 

(a) 

(b) 

(c) (d) 

Figure 1. Schematic diagram of (a) the band gap energy structure of the ZnO/CuSe heterojunction
and (b) the mechanism of degradation of MB by ZnO/CuSe photocatalyst reproduced from refer-
ence [38], copyright 2023 Springer Nature (c) TEM and (d) HRTEM photos of ZS800 reproduced from
reference [39], copyright 2023 MDPI.

Yusuf et al. have demonstrated Z-schem heterojunction composed of MgIn2S4/ZnO to
degrade tetracycline (TCE) under illumination. The band positions of both components are
appropriate for charge transfer [40]. It has resulted in effective separation of photoinduced
charges and improved photocatalytic activity significantly. The composite photocatalyst
efficiency for removal of tetracycline was observed to be 1.4 and 3.9 times higher as com-
pared to MgIn2S4 and ZnO, respectively (Figure 2a). For the synthesis of the heterojunction
photocatalyst, ZnO nanocrystals were first prepared using the hydrothermal method. It was
followed by dispersing ZnO nanoparticles in DI water, introducing precursors of MgIn2S4
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and being subjected to hydrothermal treatment. Formation of heterojunction greatly en-
hanced the surface area; the surface area of MgIn2S4/ZnO, ZnO and MgIn2S4 was observed
as 101.81, 2.84 and 45.26 m2/g, respectively. The higher surface area has improved the
photocatalytic performance as compared to pristine ZnO and MgIn2S4. After 60 min of
irradiation nearly 65% of TOC was removed, reflecting the mineralization capability of
MgIn2S4/ZnO. The formation of the S-scheme configuration separated the photogenerated
charges. This was supported by the electrochemical impedance spectroscopy, reflecting
reduced resistance in the Nyquist plot, shown in Figure 2b. The heterojunction photocata-
lyst has demonstrated the minimum diameter of semi-circles as compared to individual
photocatalysts. Use of various scavengers has identified superoxide and hydroxyl radi-
cals actively participating in photodegradation process as shown in Figure 2c. This work
demonstrates the effective integrating of oxide and sulfide photocatalysts for effective
separation of photoinduced charge carries and degradation of organic contaminants.

 

(a) 

(b) 

(c) 

Figure 2. (a) Photocatalytic degradation profile of TCE by MgIn2S4, ZnO, and MgIn2S4/ZnO, (b), EIS
spectra of MgIn2S4, ZnO, and MgIn2S4/ZnO heterojunction and (c) proposed S-scheme charge
transfer mechanism for MgIn2S4/ZnO heterojunction reproduced from reference [40] copyright 2025,
Royal Society of Chemistry.
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Cadmium sulfide commonly applies to photocatalysts, the narrow band gap and
visible light absorption make it an interesting candidate. However, this suffers from the
drawbacks of high recombination and the photo corrosion phenomena. Making the het-
erojunction with other semiconductors provides a feasible strategy for overcoming the
intrinsic drawbacks of CdS. Metal organic frameworks (MOF) provide a feasible route
for synthesizing nanomaterials for catalytic applications. Zeolite imidazolate framework
materials (ZIFs), based on MOF, is commonly applied for the fabrication of ZnO. Zhu et al.
have demonstrated fabrication of the Fe-doped ZnO/CdS photocatalyst for degrading
the ciprofloxacin (CIP) from pharmaceutical waste [41]. A Z-scheme configuration was
helpful to separate photogenerated charges resulting in superior performance. The rate
observed for photodegradation of CIP over Fe-ZnO/CdS was found to be 4.3 and 20 times
higher when compared to pristine CdS and Fe-doped ZnO. The formation of Fe-ZnO/CdS
has demonstrated significant improvement in photocatalytic activity. Furthermore, het-
erojunction has shown stability; during cycling testing of the prepared photocatalyst, it
has retained 82% of activity after five cycles. Exploiting the dual strategy of introducing
Fe dopant and making heterojunction with CdS has resulted in significant improvement
in photocatalytic activity of ZnO. ESR analysis with radical trapping has confirmed the
formation of •O2

− as ROS involved in degradation of CIP. A Z-scheme heterojuction was
formed instead of forming type-ii hetrostructure. It retained the strong reduction potential
of Fe-ZnO. Forming the Z-scheme structure and interfacial charge transfer was helpful
to improve the catalystic stability, which was evident from corresponding XRD analysis
reflecting no significant change before and after the photodegradation test.

ZnS is a wideband gap material with its conduction band position more negative.
Sunaina et al. have applied ZnS as a sensitizer for ZnO by adopting the solid state method,
by heating ZnO with thiourea as a source of sulfur [42]. The ZnO-ZnS heterostructure has
demonstrated suppression in recombination and charges, and reflected efficient degrada-
tion of p-nitrophenol and rhodamine B organic dye. Reduced recombination was confirmed
through reduction in PL intensity.

Molybdenum disulfide (MoS2) has two dimensional layered structures stacked by van
der waals forces [43]. It is an attractive candidate for combining with other semiconductor
photocatalysts to boost photocatalytic performance [44]. MoS2/ZnO heterostructure for-
mation prepared through a simplified approach of sonication has demonstrated enhanced
performance for the degradation of methylene blue MV dyes and industrial wastewater [45].
For optimizing the appropriate ratio of MoS2 and ZnO, different weight proportions of each
catalyst were mixed, the sample prepared with MoS2:ZnO with 4:1, referred as MoZ41 has
shown the best performance for degradation of organic waste. After combining with MoS2

the band gap value of ZnO reduced from 3.01 to 2.41 eV, which has resulted in enhancement
in absorption of light and hence promoted photocatalytic activity. A radical scavenger test
has confirmed that hydroxyl radicals have played a key role as reactive oxygen species,
whereas superoxide radicals have participated less actively during the degradation process.
In another finding ZnO/MoS2-PMMA polymeric nanocomposite prepared by adopting
polymethyl methacrylate as supporting matrix has demonstrated efficient degradation of
Rhodamine B and sodium dodecyl sulfate (SDS) as an organic pollutant and Escherichia coli
bacteria [46]. During degradation hydroxyl radicals and photogenerated holes have played
an important role. ZnO/MoS2-PMMA has shown enhanced photodegradation activity
as compared to ZnO-PMMA matrix. Combining ZnO with MoS2 has shown significant
reduction in recombination as observed from the corresponding decrease in PL intensity,
which has favored higher photocatalytic performance. A summary of ZnO/Chalcogenides
composites is presented in Table 1.
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Table 1. Compartive evaluation of the photocatalytic performance of ZnO/Chalcogenides catalysts
for removal of organic contaminents.

Catalyst Pollutant Light Source
Species

Involved in
Degradation

Degradation
Rate Constant

1/min

Degradation
Efficiency % Structure Type Ref.

ZnO/CuSe
methyl blue, (25 mL,

12 ppm) catalyst
dosage, 0.1 mg

400 W, Xe lamp •OH - 98.8% in
15 min. P-N junction [38]

SnIn4S8@ZnO methylene blue,
(100 mL, 10 mg/L)

UV lamp
(36 W, 365 nm)

•O2
−, •OH, h+ 0.121 min−1 91% in 20 min. Z-scheme [39]

MgIn2S4/ZnO
Tetracycline,

10 mg L−1; 50 mL,
catalyst dosage 30 mg

150 W Osram
lamp

•O2
−, •OH, h+ 4.05 × 10−2 94% in 60 min. S-scheme [40]

Fe-ZnO/CdS
Ciprofloxacin, 50 mL
of 20 mg/L, catalsyt

dosage, 20 mg

420 W xenon
lamp with
UV filter

(λ > 300 nm)

•O2
− 0.0147 min−1 90% in

120 min. Z-scheme [41]

ZnO–ZnS
p-nitrophenol, 100 mL

of 1 mM, catalyst
dosage, 1 mg/L

300 W Xenon
lamp (390 nm

filter)

•O2
− 0.037 min−1 90.9% in

60 min. heterostructures [42]

ZnO/MoS2-
PMMA

Rhodamine B, 2 mL,
1.5 × 10−5 M

UV lamp
centered at

365 nm,
10 mW/ cm2

h+ 2.41 ± 0.12 ×
10−3 75% in 4 h. [46]

2.2. ZnO/Metal Halide Composite

Metal halides, such as AgCl and AgBr, are applied as potential candidates for photode-
composition of organic pollutants and antibiotics in wastewater. A simplified synthesis of
AgCl/ZnO composite using a co-precipitations approach demonstrated effective degra-
dation of antibiotic ofloxacin (OFL) from the wastewater [47]. Among various loading
amounts of AgCl, 30 wt % of AgCl has demonstrated best performance for photodegra-
dation of OFL. It has shown significant improvement when compared to pristine AgCl
and ZnO. The improvement in catalytic performance of AgCl/ZnO is due to efficient
separation of charge carriers. Higher activity for AgCl/ZnO is due to strong interfacial
charge seperation and improvement in light absorption as compared to pristine ZnO. For
comparison, AgCl/ZnO was also modified with noble metals, such as Au and Pt; however,
it was not helpful to enhance the degradation activity. It was observed that degradation
efficiency was dependent upon pH values, and that acidic PH was found more favorable
as compared to neutral and alkaline conditions. Radical scavenger testing has revealed that
superoxide radicals as reactive oxygen species effectively participated in degrading OFL.

Electrospinning is a versatile approach for fabricating nanofibers for diverse appli-
cations. Yang et al. has employed a co-axial electrospinning strategy to design core shell
nanofibrous membrane for removal of organic dyes [48]. The porous structure of nanofibers
provides a suitable substrate for loading a photocatalyst on it. In this work, the nanofiber
was produced using cellulose acetate (CA) and polycaprolactone (PCL). On these nanofibers
a composite photocatalyst composed of AgCl/ZnO was loaded. The fabrication process of
photocatalytic membrane is described in Figure 3a.

At first, AgCl/ZnO nanocomposite was prepared with molar ratios of AgCl:ZnO as
1:9, 3:7 and 5:5. CA and HFIP was mixed with AgCl:ZnO nanocomposites to obtain the
sheath fluid, and for comparison, ZnO and AgCl solutions were also prepared. The XRD
patterns have confirmed the appearance of both AgCl and ZnO phases in the composite.
The nanofibrous membrane loaded with AgCl/ZnO (MAgCl:MZnO = 5:5 photocatalyst)
has shown the highest performance for photocatalytic degradation of methylene blue. The
higher activity of nanocomposite photocatalyst was due to effective separation of electron
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and hole pairs as shown in the schematic diagram. Mechanistic investigation has revealed
that superoxide radical anion from oxygen reduction and hydroxyl radical production
by valence band has participated as reactive oxygen species to decompose methylene
blue. Laokul et al. have applied AgBr to TiO2/ZnO composite for enhancing the charge
suppression and promoting photocatalytic activity [49]. For sample preparation, TiO2/ZnO
were dispersed in PVP, and Ag and Br precursors were introduced to it in the presence of
Ethylene glycol under stirring at 60 ◦C. As a result, AgBr decorated TiO2/ZnO nanocom-
posite was obtained. The formation of AgBr was confirmed through XRD patterns. When
tested for photodegradation of organic dye methylene blue, AgBr/TiO2/ZnO ATZ-(3:1)
has shown significant improvement in performance compared to individual components
of ZnO, AgBr and TiO2. A decrease in PL intensity of ATZ-(3:1) has confirmed reduced
recombination, which has resulted in enhanced photocatalytic efficiency. Higher surface
area of ATZ-(3:1) (70.25 m2g−1) compared to ZnO (27.94 m2g−1) and TiO2 (60.95 m2g−1)
also improved the catalytic performance. The degradation mechanism finding has revealed
that superoxide and hydroxyl as reactive oxygen species participated in degrading the
dye. XRD patterns and morphology investigation before and after photocatalytic exper-
iments has shown a slight decrease in the intensity of peaks reflecting stable structure.
This finding demonstrates the significance of metal halide-based photocatalysts to design
heterostructure photocatalysts for boosting catalytic activity.

Besides demonstration of AgBr in heterostructure engineering for removal of organic
pollutants, it has also shown promise as an anti-microbial agent and disinfectant. Tata et al.
have applied AgBr/ZnO nanocomposite for disinfectant. They have demonstrated the
dual role of AgBr as photosensitizer and as an antimicrobial agent [50]. One dimensional
ZnO nanorods were grown on Si substrate on spin-coated seed layer followed by heating in
Zin nitrate and hexamine solution at a mild temperature of 95 ◦C. Ag-TOAB as a precursor
of AgBr was spin coated on ZnO NR followed by calcination at 260 ◦C. For preparing the
optimum loading amount, the loading amount of Ag-TOAB was varied from 10–50 mL.
Anti-bacterial activity of prepared nanocomposite was tested against E. coli under dark and
illumination. Under illumination ZnO NRs/AgBr-30 nanocomposite has shown significant
improvement to disinfect E. coli when compared to that of pristine ZnO NR, and within
15 min of irradiation E. coli was completely disinfected. EPR analysis has confirmed the
active role of hydroxyl radicals in the disinfection process. A summary of ZnO/ Metal
Halide catalysts is presented in Table 2.

Table 2. Comparative evaluation of the photocatalytic performance of ZnO/Metal Halide catalysts
for removal of organic contaminents.

Catalyst Pollutant Light Source ROS
Degradation

Rate Constant
1/min

Degradation
Efficiency % Structure Type Ref.

AgCl/ZnO

Ofloxacin
Mg/L, catalyst
dosage, 0.2 g/L,

pH 3.4

18 W Xe lamps
(380–780 nm)

•O2
− 0.0156 80% in

180 min. heterojunction [47]

AgBr/TiO2/ZnO

Methylene blue,
1 × 10−5 M,

(100 mL), catalyst
dosage 50 mg

UV-A, 8 W × 4,
λ ≈ 375 ± 5 nm

•O2
−, •OH 7.56 × 10−2 97.91% in

40 min. heterojunction [49]

ZnO
NRs/AgBr-30 Visible light (250 W)

2 mL 0.9% NaCl,
20 µL E. coli.

(∼106 CFU/mL)

•OH -
complete

disinfection in
15 min.

heterojunction [50]
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(a) 

(b) 

Figure 3. (a) Schematic diagram of the preparation process of electrospun nanofibers and (b) possible
photocatalytic mechanism of the degradation reproduced from reference [48] copyright 2024, MDPI.

2.3. ZnO/Oxyhalide Composites

Bismuth oxyhalides BiOX, X=Cl, Br, I are important types of bismuth containing
photocatalyst materials. These photocatalysts have demonstrated their capabilities for
environmental remediations. BIOCl is a stable candidate for photocatalytic applications;
however, it has wide optical band of ca 3.4 eV. Because of its wide band gap it can absorb
only UV irradiation. In order to improve its light absorption characteristic and to reduce
recombination of charges, Yang et al. have introduced S doping to BiOCl and made its
composite with ZnO to obtain ZnO/S-BiOCl [51]. Formation of type II heterojunction has
resulted in efficient removal of antibiotic tetracycline (TC) and tetracycline hydrochloride
(TC-HCl). Hydrothermal method was adopted for the preparation of ZnO/S-BiOCl. The
existence of both ZnO and BiOCl in the heterostructure were confirmed by XRD analysis.
PL decay analysis has reflected an elongated lifetime of carriers with the following increas-
ing order of average lifetimes, ZnO/S-BiOCl (2.36 ns) > ZnO/BiOCl (1.69) > S-BiOCl (1.76)
> ZnO (1.46 ns). ZnO/S-BiOCl has also demonstrated higher photocurrent generation
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as compared to other samples. It reflects enhanced separation of photoinduced charge
carriers. As a result, ZnO/S-BiOCl has demonstrated higher performance to degrade
tetracycline. Superoxide and hydroxyl radicals were identified as the main reactive oxygen
species responsible for the degradation of tetracycline. This finding highlights the advan-
tages of simulators exploiting dopant and heterostructure formation to boost the catalytic
performance for degradation of antibiotics from wastewater.

BiOClXI1-X is a solid solution catalyst providing the advantages of tuning the band gap.
Chen et al. have demonstrated the application of ZnO/BiOCl0.8I0.2 composite photocatalyst
for photodegradation of TC antibiotic [52]. A S-scheme catalyst was formed, and mass
ratio of 20% for BiOCl0.8I0.2 to ZnO has shown best performance. Firstly, ZnO hollow
spheres were obtained, which was then coated with BiOCl0.8I0.2 using the hydrothermal
method. An improvement in charge collection efficiency of ZnO/ BiOCl0.8I0.2 was observed
by measuring the photocurrent response. The composite catalyst also reflected inferior
impedance during EIS analysis. As a result, ZnO/ BiOCl0.8I0.2 has shown almost 2.07 and
1.82-times higher performance for degradation of tetracycline as compared to pristine ZnO
hollow spheres and BiOCl0.8I0.2. This finding highlights the significance of simultaneous
exploitation of solid solutions and heterojunction for the degradation of antibiotics. Com-
pared to BiOCl, the BiOI has a narrow band gap (2.4 eV), which makes it an interesting
candidate for designing visible light photocatalysts. Making the heterostructure of BiOI
with wide band gap materials, such as ZnO, provides a useful strategy to tune the band
gap and extend the light absorption properties. Several studies have demonstrated the
fabrication of ZnO/BiOI heterojunction to enhance photocatalytic decomposition of organic
compounds. For instance, Ashiegbu et al. have demonstrated almost 5-fold improvement
in rate constant for degradation of 2-chlorobiphenyl, a persistent organic pollutant over
ZnO-[10%]BiOI compared to pristine ZnO [53]. The ZnO/BiOI-0.5 heterojunction photocat-
alyst also demonstrated excellent performance for degradation of Rhodamine B organic
dye [54]. Thanks to superior separation of photogenerated charges, the rate constant for
photodegradation of RhB was found to be 31 and 142 times higher compared to pristine
ZnO and BiOI. Superoxide and hydroxyl radicals were identified as the main reactive
oxygen species playing a dominant role to degrade the RhB. The higher performance of
composite photocatalyst was due to development of an in-built electric field and efficient
charge transfer. The composite photocatalyst has demonstrated inferior impedance during
EIS analysis and higher charge collection performance during photocurrent measurement,
reflecting significant improvement. A summary of ZnO/Oxyhalide catalysts is presented
in Table 3.

Table 3. Comparative evaluation of the photocatalytic performance of ZnO/Oxyhalide catalysts for
removal of organic contaminents.

Catalyst Pollutant Light Source ROS
Degradation

Rate Constant
1/min

Degradation
Efficiency % Structure Type Ref.

ZnO/S-BiOCl

Tetracycline,
(20 mg L−1, 50 mL),

catalyst dosage
20 mg

Visible light •O2
−, •OH 0.0306 min−1 91.3% in

60 min. type-ii junction [51,55]

ZnO/BiOCl0.8I0.2

tetracycline,
30 mg/L (40 mL),
catalyst dosage

0.05 g

Xe lamp,
100 mW/cm2

•O2
−, •OH, h+ 0.0664 min−1 89.8% in

30 min. S-scheme [52]

ZnO-[10%]BiOI 2-chlorobiphenyl,
10 ppm, (100 mL)

solar simulator
AM 1.5 G

100 mW cm−2

•O2
−, •OH, 0.0054 min−1 56% in

180 min. P-N junction [53]
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Table 3. Cont.

Catalyst Pollutant Light Source ROS
Degradation

Rate Constant
1/min

Degradation
Efficiency % Structure Type Ref.

ZnO/BiOI-0.5

Rhodamine B,
50 mL of RhB

solution (10 mg/L),
catalyst dosage

50 mg

70 W metal
halide lamp,
(λ > 400 nm)

•O2
−, •OH, h+ 0.0527 min−1 Nearly 100% in

80 min. heterjunction [54]

BiOI@ZnO@SSM Rhodamine B,
(10 mg/L) - •O2

−, •OH - 99.0% in
80 min. P-N junction [56]

BiOBr/ZnO methyl orange,
30 mL, 0.1 g/L

250 W xenon
lamp

•O2
−, 0.01351 h−1 91% in 90 min. [57]

Since the catalyst recovery is an issue for re-using, supporting the catalyst on a suitable
support can resolve this issue. ZnO/BiOI has been embedded in stainless steel mesh to fab-
ricate BiOI@ZnO@SSM using electrodeposition technique [56]. Forming the P-N junction
catalyst has boosted photocatalytic performance, and as a result photodegradation effi-
ciency for Rhodamine B removal was observed as 1.5 times higher compared to ZnO@SSM.
Furthermore, improvement in photodegradation performance of the prepared catalyst
has shown high performance for separating water–oil emulsion and maintained 99.6% of
separation efficiency after 10 cycles. This finding demonstrates utilizing membrane-based
approaches for embedding the P-N junction photocatalyst as a useful platform for envi-
ronmental remediations. Nickel foam provides a three-dimensional porous substrate, an
appropriate substrate for hosting nanomaterial for diverse catalytic applications [58].

Li et al. demonstrated the fabrication of BiOBr/ZnO composite on Ni/NiO foam
using solvothermal method [57]. The prepared structure has been exploited to degrade
organic dye methyl orange. It was observed that photocatalytic performance was greatly
influenced by [Br/Zn] ratio; among different samples prepared with variable Br and Zn
proportions, the [Br/Zn]0.75 has shown the highest performance. The rate constant for MO
degradation over [Br/Zn]0.75 was found to be 3.3 times higher as compared to pristine
BiOBr, highlighting the advantages of three-dimensional support and heterojunction for-
mation with ZnO. A radical scavenger test has revealed that superoxide radicals were the
dominant species involved in photodegradation process.

Combining p- and n-type of photocatalysts to form P-N junction is another useful
strategy commonly adopted to improve the separation of charge carriers. Yang et al.
have fabricated the formation of BiOCl/ZnO p-n junction photocatalysts to achieve the
in-built electric field at the interface [55]. The formation of heterojunction has separated
the charge carriers and improved the photocatalytic activity for the degradation of organic
dye RhB, tetracycline and ciprofloxacin. The formation of BiOCl/ZnO was achieved by
a simple hydrothermal method. The appearance of both BiOCl and ZnO phases were
confirmed by XRD analysis. PN junction formation provides a feasible approach to design
the effective photocatalyst, and the strategy adopted in this work could be applied to diverse
combinations for improving the photocatalytic activity of semiconductor photocatalysts.

2.4. ZnO/Metal Oxide Heterostructures

Formation of the heterojunction between different metal oxides is another promising
approach to exploit the synergetic effect and integrating the beneficial features of different
catalysts [59]. Introducing metal ions as dopant to the wide band gap metal oxides provides
a feasible strategy for boosting the photodegradation of organic dyes. Careful selection of
dopants can be useful to enhance the visible light absorption, and it can also promote the
separation of charge carriers. Rezvaneh Amrollahi et al. have demonstrated the doping of
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Cu into three different metal oxides, TiO2, NiO and ZnO, to boost their performance for
photodegradation of organic dyes methyl orange and methylene blue [60]. Among these,
Cu/TiO2 has shown the best performance. The formation of superoxide radical anion and
hydroxyl radicals as reactive oxygen species has played an important role for effective
degradation of organic dyes. Furthermore, external addition of H2O2 during photocatalysis
has been shown to promote the formation of hydroxyl radicals, a highly active intermediate
with the capability to drive photodegradation. Although the current finding exploits the
external addition of H2O2 for promoting the decomposition process, in an ideal case, the
design of a photocatalyst that can generate H2O2 from oxygen reduction reaction, and
can activate it to hydroxyl radical, is more promising. It can get rid of the additional use
of sacrificial electron donors. A summary of ZnO/Metal Oxide catalysts is presented in
Table 4.

Table 4. Comparative evaluation of the photocatalytic performance of ZnO/Metal Oxide catalysts for
removal of organic contaminents.

Catalyst Pollutant Light Source ROS
Degradation

Rate Constant
1/min

Degradation
Efficiency % Structure Type Ref.

Cu/TiO2

methylene blue, 50 mL
of dye (10 mgL−1)

0.05 g of
catalyst dosage

300 W xenon
lamp

•O2
−, - 88% for MB in

180 min
Metal-metal

oxide [60]

Ag-NiO/ZnO
Eosin yellow, 20 ppm

(100 mL), catalyst
dosage, 0.05 g

100 W
LED light

(λ > 420 nm)

•O2
−, •OH 0.016 min−1 95% in 60 min. P-N junction [61]

ZnO/CuO Rhodamine B, 50 mL,
10 mgL−1 40 W LED •O2

−, •OH 0.07091 min−1 98% in 60 min. P-N junction [62]

Cd0.4Mn0.6O-
ZnO

methylene blue,
10 mL, 10 mg/L
(2.65 × 10−5 M)

artificial
sunlight

simulator,450
W/m2

•O2
−, •OH 0.0206 min−1 97.94% in

180 min. heterostructure [63]

CuO/ZnO
methylene blue

orange G
100 mL of 10 ppm

UVA •OH

0.06 min−1

(methylene
blue)

0.03 min−1

Nearly 100%
methylene blue

in 90 min.
96% of orange
G in 90 min.

S-scheme [64]

Pd-doped
CuO-ZnO

azocarmine and
neutral red dyes,

50 mL of 50 ppm of
each, catalyst dosage

3 mg

Day light •O2
−, •OH - 80.61% in

120 min.
P-N het-

erostructures [65]

Umukoro et al. exploited the synergetic effect of P-N junction formation between
NiO-ZnO and Ag as a plasmonic photocatalyst to demonstrate efficient degradation of
Eosin yellow dye [61]. A simplified one-pot hydrothermal synthesis strategy was adopted
for the preparation of Ag-NiO/ZnO nanocomposite. For the sake of comparison, ZnO and
NiO/ZnO were also prepared and tested for degradation of organic dye Eosin. Introducing
Ag and NiO to ZnO has resulted in improvement in the optical absorption characteristics.
The band gap of composite photocatalyst reduced to 2.77 eV is lower than that of pristine
ZnO (3.16 eV). Formation of P-N junction between NiO/ZnO supported the suppression
of the recombination of photoinduced charge carriers because of formation of the in-built
electric field. This was further responsible for boosting the photocatalytic degradation of
Eosin when compared to pristine ZnO.

Authors have proposed the mechanism of photocatalytic degradation as follows.
Surface plasmon resonance effect (SPR) can be activated by use of Ag nanostructures. Pho-
togenerated electrons in ZnO are trapped in Ag, wherein photoinduced oxygen reduction
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reaction occurs resulting in the formation of superoxide radicals (O2•−). These O2•−
radicals further react with protons and undergoes decomposition to produce hydroxyl
radicals, which actively take part in their role in the degradation process. Holes present in
the valence bond of NiO also take in hydroxyl radical generation, which also contribute
in generation of hydroxyl radical and degradation of Eosin. This work highlights the
significance of exploiting simulatively the effect of PN junction formation and surface
plasmon resonance effect for efficient degradation of organic contaminants. Abbady et al.
have demonstrated the formation of nanocomposite of Cd0.4Mn0.6XO by combining with a
variety of metal oxides (X = ZnO, SnO, CuO, Al2O3, Fe2O3, NiO, and CoO) to investigate
the effect of composite formation on photocatalytic degradation of organic dye methy-
lene blue [63]. They have concluded that among various metal oxide composites, the
Cd0.4Mn0.6O-ZnO has demonstrated highest performance resulting in the removal of about
97.94% of methylene blue within 3 h.

CuO is a p-type semiconductor having a narrow band gap. It has been combined with
ZnO to make pn junction ZnO-CuO photocatalyst for tuning the band gap and reducing
the recombination of photoinduced charges ultimately for enhancing photocatalytic activ-
ity [64]. CuO/ZnO was prepared by hydrothermal method using Zn and Cu precursors
followed by annealing at 300 ◦C for 4 h. For making samples with optimized performance,
the CuO weight percent varied as 0,5, 10, 15 and 100% and referred as ZnO, CZ-5, CZ-10,
CZ-15, and CuO, respectively. Among these samples CZ-10 has shown a shortening of
band gap to 3.13 eV. The CZ-10 has demonstrated performance for degradation of organic
contaminants, methylene blue (MB) and Orange G (OG), almost twice as much compared
to pristine ZnO. Photoluminescence spectra reveal that significant reduction in PL intensity
and hence recombination was achieved for CZ-10 compared to pristine ZnO. It has greatly
influenced the photocatalytic performance of ZnO-CuO photocatalyst. A radical scavenger
test has confirmed that hydroxyl radicals have played an important role in degradation of
organics contaminants.

Siddiqui et al. have demonstrated the efficient degradation of organic dyes of bro-
mophenol blue (BPB) and rhodamine B over ZnO/CuO prepared through simplified
strategy of co-precipitation [62]. An in-built charge separation was achieved through the
formation of heterojunction as shown in Figure 4. Furthermore, the formation of ZnO/CuO
heterojunction has been further extended by introducing Pd to produce the ZnO/CuO-
Pd nanostructure using a hydrothermal method [65]. Introducing Pd was supportive to
enhance the photocatalytic decomposition of azocarmine and neutral dye mixture. The
mechanism of photodegradation over ZnO/CuO-Pd is presented in Figure 5.

Figure 4. Schematic representation of the photocatalytic degradation of BPB and RhB over the
ZnO/CuO nanocomposite reproduced from reference [62] copyright 2021, MDPI.
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Both TiO2 and ZnO are wide band gap materials that facilitate the formation of het-
erojunction for effective separation of photoinduced charge carriers. Backer et al. have
exploited a strategy for introducing carbon as a dopant to ZnO and formation of hetero-
junction with TiO2 to boost the photocatalytic performance for the removal of antibiotic
Ofloxacin (OFX; C18H20FN3O4) [66]. In order to achieve the optimum performance, the
ratio of Zn:Ti was adjusted and 1:2 was observed as optimum ratio. The carbon doping to
ZnO was achieved from the Polyvinylpyrrolidone (PVP), which was used as a structure
directing agent in the hydrothermal approach, followed by annealing at 350 ◦C to achieve
the carbon-doped ZnO (C-ZnO). For the preparation of the C-ZnO/TiO2 hybrid structure,
the pristine C-ZnO was mixed with titanium (iv) isopropoxide as a precursor for TiO2 and
subjected to hydrothermal treatment. For introducing different proportions of Ti, the Zn
to Ti precursor ratio was varied as (1:1; 1:2; 1:4 and 1:6) and the resulting samples were
labelled as ZT1, ZT2, ZT4, and ZT6, respectively. BET surface area measurement has shown
that making hybridization with TiO2 increases surface area significantly. The surface area of
ZT1, ZT2, ZT4, and ZT6 were observed as 97.95, 86.11, 98.31, m2/g, which are quite higher
as compared to C-ZnO, being only 20.88 m2/g. It also had an impact on the optical absorp-
tion properties. C-ZnO has shown an optical band gap of 3.09 lower than pristine ZnO,
which is around 3.2 eV. Carbon doping has resulted in the shortening of the ZnO band gap,
which was slightly reduced further by combining with TiO2. The band gap of ZT1, ZT2,
ZT4, and ZT6 were observed as 3.04, 3.04, and 3.037 eV, respectively. The photodegradation
performance evaluation has confirmed that optimum performance was exhibited by ZT2,
which was found to be about 1.6 times higher than C-ZnO. Investigation has revealed the
following order of reactivity of reactive oxygen species participating in the degradation
process .O2 > h + > OH. > e−. The significance of current findings demonstrates the synergy
of carbon as dopant to ZnO and heterostructure formation with TiO2 for boosting the
photocatalytic activity for efficient degradation of antibiotics. Simultaneous exploitation
of doping and heterojunction formation is not limited to making ZnO composite with
other oxides. This approach has also been exploited to introduce Cr as dopant to ZnO and
fabrication of hybrid structure with lignin as carbon-based materials for approaching the
efficient degradation of organic dye methylene blue and antimicrobial activity to disinfect
Escherichia coli [67]. While making the heterojunction between TiO2 and ZnO, the crystalline
phase of TiO2 could play an important role. Anatase and Rutile phases of TiO2 differ in
their valence and conducting band positions, which can impact on electron transfer and
separation of charges. With the help of DFT calculations, Das et al. have suggested that
higher band offsets of aTiO2-ZnO, as compared to rTiO2-ZnO, could be more favorable for
separation of charge carriers [68].

One of the drawbacks associated with the dispersed powder-based photocatalyst
for degradation of environmental pollutants is the challenge of recovery of the catalyst
after use. However, use of magnetic material provides benefits of easier separation of
the photocatalyst after the degradation experiment. In this regard, use of magnetically
separable materials provides useful benefits. Sitadi et al. have demonstrated the formation
of the heterojunction photocatalyst composed of ZnO/NiFe2O4 using a hydrothermal
approach [69]. A narrow band gap of NiFe2O4 (1.71 eV), suitable band edge position
for separation electron and hole pairs after combining with ZnO, and magnetic behavior
of NiFe2O4 are key merits of this finding. Superoxide and hydroxyl radicals produced
during photocatalysis have played an active role in the degradation process. Whereas the
composite photocatalyst has shown quite stable performance during repeated degradation
tests. This finding demonstrates the important role of utilizing magnetically separable
photocatalysts that are more suitable for practical applications.
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Figure 5. Possible microscopic mechanism of the ZnO/CuO-Pd nanocomposites for degradation of
organic pollutants reproduced from reference [65] copyright 2024 MDPI.

3. ZnO-Based Ternary Heterostructures
Heterojunction formation has been expanded to triple phase materials to exploit the

benefits of each component. Gindose et al. have fabricated the ternary heterojunction of
Ag3PO4-AgI-ZnO forming a Z-scheme photocatalyst for efficient degradation of methylene
blue [70]. Ternary nanocomposite was prepared by adopting the sol gel method, composed
of mixing Ag, Zn and phosphate precursors in the presence of poly vinyl alcohol. The
powder was obtained by heating at mild temperature at 110 ◦C and followed by calcination
at high temperature of 400 ◦C. For comparison the individual materials of Ag3PO4, AgI,
and ZnO were also prepared and tested for their performance of photocatalytic degradation
experiments. The formation of ternary heterojunction photocatalyst was confirmed by the
TEM analysis as shown in Figure 6a. The XRD analysis has also confirmed the appearance
of Ag3PO4, AgI and ZnO components. The authors have observed that formation of
ternary heterojunction photocatalyst has resulted in higher surface area of 100.11 m2/g,
significantly higher as compared to individual components being only 7.12, 11.321 and
14.11 m2/g for the case of ZnO, AgI and Ag3PO4 photocatalysts, respectively. The ternary-
structured catalyst has reflected extended separation of charges as observed by reduced
charge transfer resistance in the Nyquist plot and EIS analysis. It has resulted in efficient
degradation of methylene blue as compared to individual components. Furthermore, the
prepared ternary-structured photocatalysts have maintained photocatalytic activity by
reflecting very slight change in performance after the fourth cycles of the degradation
test confirming catalytic stability over longer use. The proposed mechanism for ternary
heterostructure photocatalyst is shown in Figure 6b. The designed catalyst has shown
stable performance during the recycling test and retained the degradation performance
of about 89% as shown in Figure 6c,d. The current finding demonstrates the integration
of the ternary component photocatalyst for separating photoinduced charge carriers and
boosting the photocatalytic activity for degradation of organic pollutants.

This work can be extended to develop an efficient ternary heterostructure photocata-
lyst for efficient performance. A ternary heterostructure was constructed by integrating
Zn0.6Cd0.4S, with ZnO and graphitic carbon nitride to fabricate Zn0.6Cd0.4S/ZnO/g-C3N4

as a dual z-scheme photocatalyst for efficient removal of organic dyes methylene blue,
rhodamine B and tetracycline [71]. It exploits the advantages of each of the photocata-
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lysts to demonstrate the synergetic effect for boosting photocatalytic performance. The
interface between the composite material was supportive to achieve the separation of
photogenerated electrons and holes.

CdS is a well-known semiconductor that can function under visible light illumination
because of its narrow band gap. The formation of solid solution ZnxCd1 − xS (0 < x < 1)
provides advantages of tuning the band gap properties. Therefore, Zn0.6Cd0.4S was adopted
in this study, and it was combined with C3N4 and ZnO to boost the catalytic performance.
At first C3N4 was obtained by thermal condensation of melamine, which was mixed with
Zn, Cd and sulfur precursors to prepare Zn0.6Cd0.4S/ZnO/g-C3N4 using the hydrothermal
method. A significant decrease in band gap of Zn0.6Cd0.4S/ZnO/g-C3N4 was observed
being 2.14 eV, which was found to be much lower as compared to g-C3N4 (2.65 eV) and
ZnO (3.16 eV). The shortening of band gap reflects extended absorption of solar radiation,
a key advantage of making a composite photocatalyst. Besides improvement in optical
absorption, the formation of the heterojunction photocatalyst was supportive to achieve
the separation of charge carriers. The suitable band position of the ternary heterostruc-
ture photocatalyst has been proposed to form a double Z-scheme configuration. During
photocatalysis, superoxide and hydroxyl radicals were identified as potential reactive
oxygen species taking part in the degradation process. The confirmation of forming these
reactive oxygen species was confirmed using spin trapping electron spin resonance spec-
troscopic analysis. This finding presents the formation of a dual Z-scheme catalyst by
using a solid solution-based photocatalyst for efficient degradation of organic dyes and
antibiotics. A dual Z-scheme ternary-structured photocatalyst has been developed by using
organic–inorganic hybrid components composed of PAN/PANI–Sb2S3-ZnO, as shown in
Figure 6e [72]. In this structure, polyacrylonitrile (PAN) played the role of matrix, whereas
a polyaniline (PANI) was adopted as organic photocatalyst. The hybrid catalyst has shown
excellent performance to degrade four organic dyes (RhB, MB, CR and MO). It was identi-
fied that hydroxyl and superoxide radicals have played an active role in photodegradation.
A summary of ZnO-based ternary heterostructured catalysts is presented in Table 5.

A ternary heterostructure of CdS QD@ZnS/ZnO composite has been prepared using a
microwave-assisted hydrothermal method [73]. In this method, at first, three- dimensional
ZnO particles were prepared. These were mixed with Zn(CH3COO)2 and 0.5 mmol of
C2H5NS, followed by adding different amounts of prepared CdS QDs and treated hy-
drothermally in a microwave reactor to obtain the ternary heterostructure photocatalyst.
ZnO were formed in the form of a flower shape composed of a rod-like structure, and the
interface between ZnS and ZnO was confirmed with HRTEM analysis. Cds were existent in
the form of quantum dots. During synthesis procedure, oxygen vacancies were introduced
to ZnO, which narrowed the band gap. The forming of oxygen vacancies was confirmed
with the help of XPS analysis and EPR analysis. The synergetic effect of oxygen vacancies,
coupled with ZnS and the quantum confinement effect of CdS were exploited to enhance
photocatalytic performance. Among various samples having different proportions of CdS
QDs, the CdS QDs@ZnS/ZnO-0.15 has shown best performance for degradation of Organic
dye Rhodamine B. It made a dual S-scheme heterojunction photocatalyst, responsible for
achieving the higher separation of photoinduced charges in ternary-structured photocata-
lysts. It was reflected from reduced recombination tendency in photoluminescence intensity,
lowest impedance in EIS analysis and highest response of photocurrent density observed
for the CdS QDs@ZnS/ZnO-0.15 compared to other samples. Furthermore, BET surface
area of CdS QDs@ZnS/ZnO-0.15 was observed as 40.69 m2/g, which was higher compared
to ZnO (16.81 m2/g) and ZnS/ZnO-0.50 (28.29 m2/g). All of these factors were contributing
in boosting the catalytic activity of ternary-structured CdS QDs@ZnS/ZnO-0.15. This find-
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ing highlights the formation of ternary-functioned heterostructures with simultaneously
exploiting oxygen defects and quantum confinement effects.

Figure 6. (a) HRTEM image of PC4 nanocomposite and (b) proposed the mechanism of MB using,
(c) Plots of (a,b) recyclability and (d) stability test of AgI-ZnO-Ag3PO4 heterojunction reproduced
from reference [70] copyright 2025, Elsevier, and (e) schematic diagram of the organic dye removal
mechanism with traditional type-II heterojunction and Z-scheme heterojunction charge transfer
pathway reproduced from reference [72] copyright 2023, MDPI.
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Table 5. Comparative evaluation of the photocatalytic performance of ZnO-based ternary heterostruc-
tured catalysts for removal of organic contaminents.

Catalyst Pollutant Light Source ROS
Degradation

Rate Constant
1/min

Degradation
Efficiency % Structure Type Ref.

Ag3PO4-AgI-ZnO
Rhodamine B, 10 mg/L,
200 mL, catalyst dosate,

110 mg

60 W LED lamp,
visble light

(400–700 nm)
•O2

− , •OH - 98% in 180 min. Z-scheme [70]

PAN/PANI–Sb2S3–
ZnO

RhB, MB, CR, MO,
(12 mg L−1) 60 mL,

catalsyt 0.2 g

Visible light
20 mW (cm2)−1

•O2
− , •OH

59.8 × 10−3 min−1

(RhB)
45.1 × 10−3 (MB)
38.4 × 10−3 (CR)
36.7 × 10−3 (MO)

>99% RhB in
40 min. Z-scheme [72]

Zn0.6Cd0.4S/ZnO/g-
C3N4

Methylene blue 20 mg/L,
50 mL catalyst (0.6g/L)
Rhodamine B20 mg/L,

50 mL
catalyst (0.6 g/L)

Tetracycline
20 mg/L, 100 mL
catalyst (0.3 g/L)

xenon lamp
(300 W,

λ ≥ 420 nm)
•O2

− , •OH

0.0396 min−1 MB

0.0908 min−1

RhB

0.1120 min−1 TC

98.52% MB in
90 min.

99.45% RhB in
60 min.

98.20% TC in
30 min.

Z-scheme [71]

Cds QD@ZnS/ZnO
Rhodamine B, 90 mL
(50 mg·L−1), catalyst

dosage, 150 mg.

xenon lamp
(300 W

•O2
− , •OH, h+ - 91.3% in 120 min. S-scheme [73]

Fe2O3/Ce-doped
ZnO/GO

Methylene blue, 10 ppm,
250 mL, catalyst dosage

1.0 g/L

Hg lamp (0.37
W/cm2

•OH - 98% in 120 min. heterojunction [74]

ZnO/RGO/α-
Fe2O3/ZnFe2O4

crystal violet and
Rhodamine B, 5 g/L,

catalyst dosage, 1 g/L.

500 W, mercury
lamp

(1000 Wm−2)
•O2

− , •OH 0.00846 min−1

95.69% RhB in
360 min.

95.9% CV in
100 min.

Z-scheme [75]

C/GO/ZnO aerogel
methyl orange, 15 mg/L,
(100 mL) catalyst dosage,

20 mg
50 W •OH - 94.54% in

120 min.
Ternary

heterostrucutre [76]

Bi7O9I3/g-
C3N4/ZnO

methyl orange,
10 mg/L100 mL, catalyst

dosage 50 mg.
500 W xenon •O2

− , •OH 0.0707 min−1 99.13% MO in
60 min. [77]

Nguyen et al. have adopted microwave-assisted synthesis of a Fe2O3/Ce-doped
ZnO/GO (FCZG) ternary-structured photocatalyst for degradation methylene blue dye [74].
In this work Ce doping has been adopted for improving the intrinsic activity of Zn, whereas
making a hybrid structure with Fe2O3 and graphene oxide was supportive for improving
the light absorption capabilities, enhancing the BET surface area and achieving the higher
degree of charge separation during photocatalysis. The synergetic effect of these factors
was favorable to achieve accelerated photodegradation of methylene blue as compared to
Ce doped pristine ZnO (CEZ). The evidence of enhanced separation could be related to
inferior impedance of FCZG and exhibition of higher photocurrent density when compared
to pristine Fe2O3, CEZ and Fe2O3/CEZ (FCZ) photocatalysts. It confirmed the benefits
of the ternary-structured photocatalyst for improving photocatalytic activity. Another
feature of this catalyst was its separable nature because of its magnetic properties of
Fe2O3 component. It allows easier separation and collection of the photocatalyst after the
degradation experiment. On account of stability of the designed catalyst, on repeating
the five degradation cycles, only a slight decrease in activity (from 98.05 to 96.88%) was
observed, reflecting the stable nature of photocatalyst.

Magnetic properties of ferrite materials, such as ZnFe2O4, make them attractive candi-
dates for photocatalytic removal of organic waste [78]. Their main advantage is to separate
them from the solution using a magnet, making their reuse easier [79]. Ahmadi et al. have
integrated four different components for designing a magnetically separable photocatalyst,
which was composed of ZnO/RGO/α-Fe2O3/ZnFe2O4 (ZRFZ-MMs) heterostructures for
efficient degradation of crystal violet and Rhodamine B dyes [75]. Extended separation of
charge carriers through forming effective heterostructure has prevented recombination ten-
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dency. The RGO used in this work has been assigned to play the role of electron mediator.
As a result of the synergetic effect of efficient electron transportation and heterostructure-
induced charge separation, extended absorption of light has collectively influenced the
efficient photodegradation of organic dyes in the presence of a mercury lamp, as well as
natural sun light irradiation.

Carbon based aerogel and hydrogels owing to a high surface area and porous struc-
ture provides an ideal platform of hosting catalyst materials for environmental remedi-
ations [80,81]. Cellulose is present as abundant biomass material; as an affordable and
valuable material it has great significance for catalytic applications. Hasanpour et al. have
demonstrated the fabrication of a ternary photocatalyst composed of cellulose/graphene
oxide/zinc oxide aerogel C/GO/ZnO aerogel for photocatalytic removal of methyl orange
dye [76]. Thanks to the porous structure of C/GO/ZnO aerogel, high BET surface area
was observed being 183.72 m2/g. Whereas the other samples have shown lower surface
area, being C aerogel (82.34 m2/g), GO (66.88 m2/g), C/ZnO aerogel (154.21 m2/g), C/GO
aerogel (90.33 m2/g). The higher surface area observed for C/GO/ZnO aerogel was sup-
portive to achieve higher performance during the photodegradation process. The catalytic
efficiency of C/GO/ZnO aerogel was observed to be pH dependent, and the following
increasing order was observed at different pH levels, 3 > 7 > 11. Higher activity under
acidic pH as compared to neutral and alkaline pH has been assigned to higher amounts of
hydroxyl radical generation. Furthermore, higher stability of photocatalyst was observed
after five cycles of degradation without significant loss in performance. The current find-
ing is important from the aspect of utilizing cellulose for catalytic applications, which is
abundantly present in nature and can be utilized for preparing affordable catalysts for
environmental applications.

In a recent finding, Rosman et al. have exploited the concept of photocatalytic mem-
brane by introducing a ternary photocatalyst composed of ZnO/Ag2CO3/Ag2O into
PVDF-based mixed-matrix membrane (MMMS) [82]. The catalyst loading amount var-
ied to tune the degradation performance. The catalyst loading was adopted from 0.5 to
2.91 weight percent. The resulting samples were labeled as PVDF-ZAA0.5, PVDF-ZAA1,
PVDF-ZAA2, and PVDF-ZAA3, which represents ZnO/Ag2CO3/Ag2O concentrations of
0.5, 0.99, 1.96, and 2.91 wt%, respectively. The catalyst samples obtained were evaluated for
photodegradation of ibuprofen (IBF). During the photodegradation test, PVDF-ZAA2 was
identified as an optimum loading for efficient degradation of IBF. Utilizing photocatalyst-
embedded membrane offers unique advantages for removing pharmaceutical contaminants
form wastewater.

A Z-scheme-based ternary-structured photocatalyst composed of Bi7O9I3/g-C3N4/ZnO
has demonstrated efficient removal of organic dye Rhodamine B and anti-bacterial activity
against E coli and S. aureus [77]. Wide band gap ZnO turns on optical absorption and
photocatalytic activity in the UV region. Integrating ZnO with Bi7O9I3 and g-C3N4 pho-
tocatalysts results in promoting visible light absorption. Whereas interface engineering
could promote the separation of photogenerated charges. As a result, effective removal
of methyl orange was observed. EPR analysis has confirmed that super oxide and hy-
droxyl radicals have played important roles as reactive oxygen species during degradation
process. The appearance of EPR signals in the presence of probe molecules only under
illumination conditions reflects that radical generation were executed as a result of photo
redox reactions. No radical generation was observed under dark conditions. The designed
ternary-structured photocatalyst has also demonstrated excellent antibacterial activity.
Furthermore, the designed catalyst has demonstrated stable performance during cyclic
tests. The current finding demonstrates a simplified strategy for fabricating a ternary-
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structured photocatalyst with stable performance for degrading organic dye, as well as
antibacterial capabilities.

4. Conclusions and Outlook
This review summarizes recent advances in ZnO-based binary and ternary heterostruc-

tures designed to address the intrinsic limitations of pristine ZnO. Particular emphasis has
been placed on interfacial engineering strategies that enhance light harvesting, facilitate
charge separation, and improve the photocatalytic degradation of organic pollutants. The
major photodegradation pathways and the roles of dominant reactive oxygen species have
also been discussed. Overall, this review provides an updated perspective on ZnO het-
erostructure engineering for the efficient photocatalytic removal of organic contaminants.

ZnO is a nontoxic, stable, earth-abundant, and low-cost metal oxide semiconductor
with strong potential for photocatalytic wastewater treatment. Nevertheless, the practical
use of pristine ZnO remains restricted by its wide band gap (~3.37 eV), which limits light
absorption mainly to the UV region, and by the rapid recombination of photogenerated
charge carriers, which lowers photocatalytic efficiency. Future research should therefore
focus on bandgap engineering to extend visible-light absorption through the rational
selection of secondary materials that also promote interfacial charge transfer. In particular,
the development of Z-scheme, S-scheme, and ternary heterostructured photocatalysts offers
a promising route to enhance charge separation while preserving strong redox capability.

When metal sulfides, selenides and silver-based photocatalysts, which have narrow
band gap, have been integrated with ZnO, they suffer the serious problem of photo-
corrosion, which limits their practical applications. Surface passivation strategies should be
adopted for providing protective coating and preventing the long-term corrosion phenom-
ena. ZnO itself is susceptible to chemical dissolution under strong acidic and alkaline pH,
which reflects intrinsically poor stability. In order to improve chemical corrosion behavior,
it is suggested to integrate ZnO with such kind of materials that can simultaneously boost
the activity and stability of ZnO under extreme chemical conditions.

When evaluating the activity of heterostructure-based photocatalysts for removal of
organic contaminants, attention should be paid on probing the degradation mechanism
using advanced analytical techniques, such as EPR analysis, for investigating the reactive in-
termediates actively participating in degradation process. The degradation process should
be followed by detection of intermediate degradation products using HPLC or LCMS
techniques. Furthermore, other than decolorization, removal of total organic compounds
should be monitored. The catalytic stability test should be investigated deeply rather than
a simple few cycling tests. The catalytic stability should be examined for a longer duration
and structural stability tests should be performed before and after the degradation test.

For practical implementation, effective immobilization strategies should be developed
to anchor photocatalysts onto suitable substrates or support matrices, thereby enabling
facile recovery and reuse from slurry-based systems. In summary, ZnO-based heterojunc-
tion photocatalysts represent a promising platform for the photodegradation of organic
contaminants. Future efforts should focus on material- and device-level innovations that
suppress recombination losses and maximize solar-energy utilization, while also advancing
scalable solutions for solar-assisted industrial wastewater treatment.
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