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Abstract: Today, as a result of the advancement of technology and increasing environmental problems,
the need for clean energy has considerably increased. In this regard, hydrogen, which is a clean and
sustainable energy carrier with high energy density, is among the well-regarded and effective means
to deliver and store energy, and can also be used for environmental remediation purposes. Renewable
hydrogen energy carriers can successfully substitute fossil fuels and decrease carbon dioxide (CO;)
emissions and reduce the rate of global warming. Hydrogen generation from sustainable solar energy

lcll;%la(t?sr and water sources is an environmentally friendly resolution for growing global energy demands.
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Hydrogen Production as a Clean photocatalysis, a solid material is stimulated by exposure to light and generates an electron-hole pair
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that subsequently takes part in redox reactions leading to hydrogen production. This review paper
Heterojunction Semiconductors for tries to thoroughly introduce and discuss various semiconductor-based photocatalysis processes for
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environmental remediation with a specific focus on heterojunction semiconductors with the hope
that it will pave the way for new designs with higher performance to protect the environment.
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and the milestone of attaining a cumulative capacity of more than 1 TW is expected by
2023 [1]. Present integration strategies and those under development will provide extensive
penetration of solar photovoltaics, not only in the power grid but also in the entire energy
system.

Crucial transformation and a substantial renovation of the energy system in the world
are required to decarbonize and attain the Paris Agreement targets. This significant reform
is accompanied by an urgent and complex issue that needs system solutions and global joint
and coordinated efforts, with hydrogen representing one of these solutions. Hydrogen is
one of the key players in achieving a low-carbon energy system. It has the capability to be an
influential accelerator for this system, with the ability to address multiple energy challenges,
such as facilitating the vast integration of renewable resources and decarbonization of en-
ergy production, energy transportation in a zero-carbon energy economy, and electrification
of end uses. Hydrogen is one of the most promising sustainable energy carriers that can be
substituted for fossil fuels, and has a high gravimetric energy density ranging from 120 to
142 MJ /kg, compared to 44.5 MJ /kg for gasoline [2]. In addition, hydrogen combustion is
clean (CO, free) and leads to water production (2H; + O, = 2H,0; AE= —286 k] /mole).
However, nearly 96% of hydrogen production is highly interdependent on fossil fuels;
hence the need to find renewable resources is crucial. Recently, hydrogen has seen unprece-
dented interest and development. Soon, it will become a systemic element in the efforts to
transition to a climate-neutral society, and, by replacing coal, oil, and gas, it will play the
role of a crucial energy vector and the other leg of the energy transition—in addition to
renewable electricity—across various parts of the economy:.

The growing demand for renewable energy sources in the electricity sector has in-
creased the need for supplementary technologies to balance the grid. However, electricity
cannot be stored easily, which presents an opportunity for the application of hydrogen and
the development of its technologies. Hydrogen technologies can play an influential role
in energy distribution in order to provide conditions for reducing carbon consumption.
Delivery has a crucial role in energy use, cost, and emissions, which are closely related
to the available options of hydrogen delivery, including transportation via pipelines or
road transport. This choice is dependent upon location, local geography, and markets. The
combined use of renewable resources is important to the provision of constant power and
the achievement of a stabilized electrical grid. Hydrogen can be converted back to electricity
when other renewable sources are unavailable. Moreover, the excess can be sold for other
purposes. In addition, hydrogen can be used as the primary feedstock of industries using
fertilizer, refining, and other chemical-based technologies, and can also be a side product
of other industrial processes, making it a strategically important commodity. It can be
simultaneously injected into the natural gas grid to maintain a clean gas distribution by
reducing emissions and other stranded assets. To stabilize electric grids, controlling the
flow of electricity output from renewable energy power generators is crucial. Electricity
storage facilities are required to make effective use of renewable energy and avoid output
control. A key role in this matter for the immediate future is storage batteries. With the
development of renewable energy, the urgency of output controls will also increment;
however, hydrogen will also be used in large-scale and long-term power-to-gas systems.
Renewable hydrogen can be used in many ways. It is the feedstock for producing methane,
clean chemicals, and fertilizers. Hydrogen is considered to be fundamental in helping the
value chain of different industries. Hydrogen can be obtained from natural gas reforming
and/or pyrolysis, and transported through traditional pipelines mixed with methane. It
is an energy carrier for many chemical transformations to be employed in industry such
as ammonia. Ammonia (NHj3): (1) has a higher hydrogen density (1.5 times higher than
liquefied hydrogen) than other carriers, its production needs cheaper infrastructure, and it
can be developed through smaller-scale industries; (2) has easily available and existing com-
mercial supply chains; (3) is produced from natural gas and relatively cheaper. Ammonia
can be directly used for power generation without a need for the dehydrogenation process
and emits no CO, during combustion. Hydrogen can be used for building heating as a fuel,
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to leverage hydrogen technologies individually, or a combination of both, which offers high
efficiency for heat and power generation. The handling of hydrogen as a fuel is similar to
that of natural gas. Hydrogen can be combined with fuel cell technologies that generate
electricity and heat to ultimately reduce carbon in several areas such as transportation,
power generation, many kinds of industrial processes, and heat use. Natural gas power
generation features are essential for the expansion of renewable energy power generation.
Hydrogen power generation can be applied the same way as natural gas power generation
and may become an outstanding option for reducing carbon in fossil power generation.
Hydrogen can also be combined with CO, to produce methane, namely, the methanation
process. There is extreme potential in methane serving as an energy carrier for the efficient
usage of existing energy supply infrastructure (such as city gas pipes, liquefied natural gas
power plants), and low-carbon heat use.

Using hydrogen power generation to provide value in electricity production as a
regulated power supply source and increase generation capacity is expected. It seems
that hydrogen power generation will play an effective role in decreasing carbon emissions
and provide a regulated power supply and backup power source for extending renewable
energy. Massive amounts of hydrogen will be consumed by hydrogen-based power gener-
ation, so its international supply chain development is very important. The cooperation
of hydrogen with natural gas can be used in power generation systems. Initially, it will
be used in existing natural gas power plants and in small-scale cogeneration systems to
promote hydrogen diffusion. Another significant aspect is related to its long-term electricity
storage for utilization in massive renewable energy oversupply without output control.
Hydrogen will play an effective role in energy storage, especially in large-scale systems
and on a long-term basis over multiple seasons. Therefore, hydrogen will have a significant
impact and act as a key player in renewable energy in order to reduce carbon amounts in
the electricity system. Further developments will lead us to use hydrogen in large-scale
energy storage, transportation fuel, and power-to-gas applications, thus providing a clean
and viable energy source that can be used for vehicles, households, larger buildings, etc.
Additionally, hydrogen derived from seawater is a potentially game-changing solution and
is heralded as an enabler of the Grand Transition into a cleaner future [3].

1.2. Hydrogen from Semiconductor-Based Photocatalysis

Concerning the clean production of hydrogen, semiconductor-based photocatalysis
seems to be a promising scheme. Hydrogen production through photocatalysis processes is
similar to that of photovoltaic systems via the utilization of semiconductor materials such
as TiO; [4]. The catalysis process according to the phase distribution of catalysts, reagents,
and products, can be categorized into two kinds, homogeneous and heterogeneous; how-
ever, due to its ease of separation, heterogeneous catalysis is more preferred. A kind of
heterogeneous catalysis that utilizes photon energy is known as semiconductor-based
photocatalysis, in which a solid material is stimulated by exposure to light and generates an
electron-hole pair. Subsequently, the photogenerated species take part in redox reactions.
The first inspirational introduction of the photoelectrochemical cell dates back to 1972
by Honda and Fujishima, in which the water was split into oxygen and hydrogen using
ultraviolet (UV) irradiation [5]; since then, many studies have focused on the development
and improvement of the photocatalysis process.

In these processes, the photogenerated carriers should migrate to the surface of the
photocatalysts to engage in necessary electrochemical reactions. One of the most important
challenges is the recombination of photogenerated charge carriers (electrons and holes),
which, unfortunately, is preferable in terms of thermodynamic energy. This negatively im-
pacts photocatalysis performance since a small number of photogenerated species can find
a chance to migrate to the surface of the catalysts and become involved in redox reactions.
Several strategies have been introduced to overcome the electron-hole recombination issue,
including the inclusion of noble-metal co-catalysts [6,7], cation/anion doping [8,9], and the
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fabrication of heterojunctions between different semiconductors, which is also referred to
as composite photocatalysis [10,11].

Hierarchically ordered macro-mesoporous TiO;-graphene composite films show the
enriched capacity of quickly adsorbing and photodegrading organic dyes. The assembling
of interconnected macropores in mesoporous films has the following effects: (1) improves
the mass transport through the film; (2) increases the accessible surface area of the thin film;
(3) significantly enhances their photocatalytic activities; and (4) reduces the length of the
mesopore channel. These structures are potentially suitable for wastewater treatment and
air purification for removing organic pollutants and will provide an attractive opportunity
for industrial applications.

Photocatalytic processes have the potential to develop renewable and eco-friendly
energy carriers such as Hy and O, by water splitting [12,13]; they can also degrade various
organic pollutants [14-18], convert energy conversion, be used in material storage by photo-
catalytic CO, reduction [19-21], synthesize organic substances [14,22,23], and even reduce
iron ore with hydrogen [24]. In this regard, both energy issues and environmental pollution
treatment can be economically solved by semiconductor-mediated photocatalysis proce-
dures, and hydrogen, as an ideal green fuel, can be produced through the photocatalytic
reduction of protons by the photoinduced electrons; hence, toxic organic pollutants can be
degraded by utilization of multi-step photocatalytic oxidation reactions [25]. Unfortunately,
a single semiconductor cannot lead to quick recombination of photoinduced charge carri-
ers because of the extensive exciton binding energy [26,27]. Therefore, the fabrication of
heterostructure photocatalysts, well-designed heterojunctions, and multi-component semi-
conductors is of eminent importance to maintain simultaneous extended light-harvesting
range, efficient interfacial charge separation, and high redox potential. It was proven that
realistic and intelligent selection of semiconductors and tailoring of well-suited energy band
structures for the production of heterojunction photocatalysts should be fully considered to
fulfill the above-mentioned factors [28-30]. Until now, numerous strategies have been intro-
duced to improve the photocatalytic performance of semiconductors for efficient hydrogen
production, including homogenous and heterogenous methods, S-scheme, Z-scheme, and
artificial photocatalysis [31].

Among these existing strategies, it seems that heterojunctions that use two semicon-
ductors to reduce the recombination rate and simplify the migration of photogenerated
species towards the surface are an emerging scheme to design novel photocatalysis sys-
tems. The heterojunctions are usually fabricated by two or more semiconductors and have
coordinated energy bands; they were proven to have exceptional efficiency for improving
photocatalytic activity, mainly due to spatially separated photogenerated electron-hole
pairs at the heterojunctions’ interface [32]. Furthermore, visible-light driven heterojunction
photocatalysts, due to their ecofriendly nature, are more preferred by the community. It is
believed that photocatalytic hydrogen fabrication, organic pollution treatment, and heavy
metal reduction by utilization of various types and schemes of heterostructure photocata-
lysts will remain and continue to progress as a significant and practical topic in the coming
decades [33].

In this regard, this review paper is devoted to thoroughly introducing and discussing
various semiconductor-based photocatalysis processes for environmental remediation, with
a specific focus on heterojunction semiconductors in order to find an efficient means of
designing novel photocatalysis systems with high throughput performances. Additionally,
the related photocatalytic performance of various structures and the positions of energy
bands are explained and summarized to maintain a direct view. The influential factors
in achieving the maximized performance, the applications, the conventional and modern
techniques, the improvements, and any key and minor factors that play a role in the
effective hydrogen production by heterojunction-based semiconductors photocatalysis
were studied. This review paper, for the first time, briefly gathers all the information about
eco-friendly hydrogen generation from heterojunction-based semiconductor photocatalysis
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for environmental remediation and energy harvesting, and can lead specialists to design
more novel schemes with high throughput performances.

2. Materials and Methods

Based on the electrical conductivity, materials can be categorized into conductors,
semiconductors, or insulators. Conductor materials have a high electrical conductivity in
the range of 107 Om~!, whereas insulators have low conductivity in the order of 101 Om~1.
Semiconductors are located between the other two groups, having electrical conductivity
in the range of 107 to 10* QOm™~"; this difference in conductivity originates from the energy
bands. Electrons reside in specific bands, in which the lower energy valence band includes
valence electrons, whereas the higher energy position is entitled the conduction band and is
empty in the ground state. The energy variance between these two energy bands is known
as the bandgap, and the bandgap energy (Eg) corresponds to its magnitude. It should be
noted that the electrons located between conduction and valence band energy levels cannot
exit, and conduction occurs due to the movement of free electrons in the conduction band
above the Fermi level. In conductor materials, the Fermi level lies in the overlapping region
of the conduction and valence bands, as shown in Figure 1 [34,35]. In contrast, insulators
and semiconductors have a bandgap between the valence and the conduction bands in
which the Fermi level lies. Electrons can be excited to the conduction band by absorbing
higher energies than the bandgap. The bandgap of semiconductor materials is narrower
than that of insulators. If an electron (e™) is promoted to the conduction band from the
valence band, one hole (h*) is generated in the valence band. The interaction between these
electrons and holes leads to conductivity in semiconductors [36].
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Figure 1. The difference between the band structures of conductors (metals), semiconductors, and
insulators.

2.1. Semiconductor Photocatalysis

Semiconductor stimulation by photons with energies higher or equal to the semicon-
ductor’s bandgap (Eg) leads to the promotion of an electron (e ™) from the valence band (VB)
to the conduction band (CB), generating a hole (h*). Both the excited state in the conduction
band and holes in the valence band are thermodynamically and kinetically prone to recom-
bine and spend the input energy through heat generation or light emission, as illustrated
in Figure 2a [37]. By comparison, if electrons and holes migrate to the semiconductor’s
surface without recombination, they can actively operate in electrochemical processes with
species absorbed at the semiconductor surface. In this condition, photogenerated electrons
act as reducing agents, and holes act as oxidizing agents. This redox capability of electron—
hole pairs can be utilized in photocatalytic processes such as water/air remediation and
hydrogen production.
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Figure 2. Photocatalytic reactions in semiconductors: (a) photocatalysis process and (b) three basic
steps of photocatalysis in semiconductors.

Photocatalytic reactions in semiconductors have three basic steps, as shown in
Figure 2b [38]: (1) photon excitation, (2) migration of photogenerated species, and (3)
surface chemical reactions. In these processes, both electrons and holes play a crucial role;
photogenerated electrons play a substantial role in water reduction while holes assist in the
oxidative decomposition of environmental pollutants. These photocatalytic reactions, via
the cooperation of electrons and holes, lead to hydrogen production and CO; reduction to
fabricate further reduced carbon species such as CO or methanol.

2.2. Semiconductor Heterojunctions

Heterojunctions are generated at the interface between different semiconductors, and
they are utilized in the case of unequal bandgaps, discontinuities in the bandgap, or the
existence of an abrupt barrier in a specific band [39], as shown in Figure 3.
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Figure 3. [Illustration of: (a) the gravitational force effect on a jumping man; (b) electron—
hole recombination on a single photocatalyst; (c) keeping a man off the ground using a stool;
and (d) electron-hole separation on a heterojunction photocatalyst, adapted from [39].
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When the electron (the man in Figure 3a) jumps from the valence band (the ground in
Figure 3a) into the conduction band (the sky in Figure 3a), it must immediately recombine
with a hole (the ground in Figure 3a) because of Coulomb attraction between the electron
and the hole (the gravity of the Earth). Thus, in order to separate the electron-hole pairs that
are photogenerated (keeping the man off the ground), the employment of a semiconductor
B is needed (Figure 3c,d) and the electron and hole pairs remain separated. The composite
photocatalyst or heterojunction has been designed to solve the issues of maximum charge
carrier recombination along with the minimum visible-light activity. Heterojunctions with
proper design can considerably improve the separation of photogenerated electron-hole
pairs; hence, they can readily move to the surface to become involved in subsequent
electrochemical reactions [40], as illustrated in Figure 4.
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Figure 4. The electron-hole pairs” migration under irradiation in various type of heterojunction
photocatalysts: (a) type-1, (b) type-IL, (c) type-III, and (d) direct Z-scheme, adapted from [40].

The unique physical and special chemical properties of 2D semiconductors make
them an ideal option for fundamental photocatalytic research and potential commercial
applications. Heterojunctions employment allows for the extension of the light adsorption
interval, for the efficient separation of the carriers of energy that are produced, and for the
improvement in the photocatalytic activity. Here, the specific design of heterojunctions is
fundamental to the optimization of components’ functionalities and to the improvement
of any synergic effect. As a matter of fact, 0D configurations allow for the activation of
more active sites and the reduction in the migration distances of the charges. They can
be designed using a structure having very versatile tunable bands in order to increase the
catalytic activity. One-dimensional configurations act as very efficient charge transport from
a ballistic point of view. In addition, one of their main actions is the suppression of potential
agglomeration of 2D materials. The combination of 2D /2D heterojunctions allows for the
increase in contact areas by increasing the charge transfer efficiency. Three-dimensional
configurations allow for the increase in the efficiency of energy utilization by improving the
transportation of the reacting compounds to the reaction sites. In addition, many improved
properties can be obtained through the combination of different configurations, such as
2D/0D, 2D/1D, 2D/2D, and 2D/3D, by increasing the range of photocatalytic activities.
Heterojunctions fabricated by two different semiconductors can be categorized into two
major groups, known as p-n and non-p-n heterojunctions.

The Effect of Morphology in Heterojunctions

The morphology and structure of heterojunctions can substantially influence the activ-
ity of catalysts. In addition, the dimension and configuration can also affect the performance
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of heterojunction photocatalysts. It was shown that two-dimensional (2D) materials are
among the proper candidates for photocatalysis applications because of their favorable
structural and electronic properties, but they still need to be improved because of disad-
vantages such as electron—hole recombination and low redox ability. In this regard, wise
and objective construction of 2D heterojunction photocatalysts with various arrangements
and morphologies can improve the photocatalytic activity [41]; Figure 5 shows the design
of proficient 2D heterojunction photocatalysts with differing configurations, applications,
and properties, each of which has its advantages and disadvantages.

2D/OD

Role of substrates
Ballistic charge transport

&Y Exposed active edge planes

2D material-based
heterojunction

photocatalysts
Catalyst stability ﬂ T

Large contact area

Light harvesting

Reactant adsorption

Short charge transport path Stabilizing 2D structures

Figure 5. The schematic illustration of 2D heterojunction photocatalysts with various configurations,
applications, and properties, adapted from [41].

Zhu et al. [42] investigated the impact of Bi,WOg morphology on photocatalytic degra-
dation of volatile organic compounds under visible light. They fabricated four types of
Bi;WO4 morphologies (nest-like or flower-like) through the facile hydrothermal method,
including BWO~!, BWO~2, BWO~3, and BWO~* with varying additives, synthesis temper-
ature, time, and pH, as shown in Figure 6. It was shown that the nest-like Bi, WO structure
manifested the most reaction active sites, leading to a 100% gaseous toluene degradation
during only 20 min under visible-light irradiation. These abundant reaction active sites
in the nest-like structure are due to their fine particle size, large photoresponse interval,
narrow bandgap, improved electron-hole pair separation efficiency, and low electron-hole
recombination rate, as shown in Figure 7 [42]. It was also shown that the double-shell
Bi,O3/BiWOg hollow microspheres demonstrated an improved photocatalytic activity
because of the hollow presence in the structure and fabrication of the p—n junction between
p-type Bi;O3 and n-type Bi,WOgq [43].

Figure 6. SEM micrographs showing (a) BWO™1, (b) BWO 2, (¢c) BWO 3, and (d) BWO .
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Figure 7. The morphology-dependent nature of Bi, WOg photocatalysts on the degradation of volatile
organic compounds under visible light.

For instance, Farhadian et al. [43] proved that morphology has a considerable influ-
ence on the photocatalytic activity of WO3; nanostructures. They assessed three different
morphologies, including nanoplate, nanosphere, and nanorods (as shown in Figure 8), in
terms of their photocatalytic performance toward decomposition of rhodamine B (RhB)
dye, proving that nanoplate WOs3 has the best photocatalytic activity. This improved per-
formance of nanoplates is due to the sharp edges and corners of WO3 nanoplates; hence,
due to their low coordination number, the atoms in the edge and corner regions of the WO3
nanoplates possess more activity in comparison to other morphologies and can adsorb
more RhB, leading to more photocatalytic activity [43].

Figure 8. SEM micrographs showing the various morphologies of WO3 photocatalysts: (a) nanoplates,
(b) nanorods, and (c) nanospheres.

In a recent study, it was shown that the porous Ag/ZnO nanosheets with 3D self-
assembled architecture act as a super photocatalyst for excellent organic pollutant degra-
dation and hydrogen evolution [44—46], as schematically illustrated in Figure 9. These
3D porous structures are manufactured by a facile method following topological mor-
phology evolution with low-temperature calcination. They showed highly photocatalytic
activity with about complete degradation of 10 ppm 4-nitrophenol after just 25 min and a
~0.45 mmol g~! h~! hydrogen production rate [45]. The achieved excellent photocatalytic
activity can be related to the morphological synergetic influence among 2D ZnO porous
single-crystalline nanosheets and sliver species, and large surface area, improving sepa-
ration and migration performance of charge carries and charge-collection efficiency [45].
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In addition to morphology and structurally related factors, the defects can also influence
the hydrogen production via heterojunction structures. Jing et al. [47] reported that the
discrete defect energy-level introduction and reduction in the effective electrons’ mass can
improve the separation and migration procedures of the photoinduced charge carriers in
the ZnIn,S; microflowers. This one-step hydrothermal strategy, via the introduction of
S-defect-controlled ZnIn,S, microflowers, can effectively regulate the lattice defects of 2D
sulfide semiconductors in the high throughput photocatalytic solar-to-fuel conversion [47].

vA g
X
FTA

Schottky barrier;
and SPR

Hz production
2D charge transport channels

large BET surface area
and more active sites dyes decomposition

Figure 9. The architecture of Ag/ZnO and its photocatalytic mechanism, adapted from [44].

2.3. p-n Heterojunctions

In this type of heterojunction, two contacting semiconductors generate a p-n junction
with a unique charge zone, enabling it to transmit electrons and holes in the reversed
direction, as illustrated in Figure 10. In this regard, holes are transmitted to the VB region
of the p-type semiconductor, while electrons are transmitted to the CB region of the n-type
semiconductor. The driving force for this electron—hole transfer is the electric field generated
inside the space charge region (junction). During the exposure of p—n heterojunction to
photons with equal or higher bandgap energies than those of the photocatalysts, the
photogenerated electron-hole pairs can be separated instantly due to the formed electric
field in the space charge region. In this condition, the holes are moved to the VB zone of
the p-type and the electrons are transferred to the CB region of the n-type semiconductors.
This type of p-n semiconductor has many advantages, including (i) very effective charge
separation; (ii) accelerated charge transfer; (iii) increased charge carriers’ lifetime; and (iv)
a regional separation of incompatible redox reactions in nano space [48].

According to the donor and acceptor characteristics, all semiconducting materials can
be regarded either as a p- or n-type. If the p- and n-type semiconductors are coupled as
shown in Figure 10 with suitable band gaps and band positions, they fabricate a form of p-n
heterojunction composite. There are numerous varieties of p-n heterojunctions utilized in
photocatalyst semiconductors, such as CuyO-TiO,, NiO-TiO,, NiO-ZnO, CuO-ZnO, CuO-
BiVOy, BiyO3-Bi, WOg, and CaFe;O4-ZnO. It should be noted that the synthesis method is
a crucial stage, and has a substantial impact on the mechanism and overall performance.

Photocatalytic decontamination is a promising procedure for environmental protec-
tion, with the ability to oxidize and mineralize numerous organic contaminants. Zinc oxide
(Zn0O), because of its favorable photoactivity, stability, availability, and nontoxic nature, is
among the most interesting photocatalysts [48]. Unfortunately, ZnO suffers from a very
poor response to visible light and unfavorable recombination of photogenerated species;
thus, the constructing heterojunctions having the suitable band edges can substantially over-
come the ZnO shortcomings and improve its photocatalytic performance. It was reported
that ZnO-based binary and multiple heterojunction/nanocomposite photocatalysts, such
as hydrothermally fabricated ZnO/CuO heterostructures, exhibit the best photocatalytic
activity [49], as shown in Figure 11.
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Figure 10. Schematic of p-n heterojunctions illustrating the energy band condition and separation of
electron-hole pair.
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Figure 11. Schematic of a photocatalytic mechanism of ZnO/CuO heterojunction.

Accordingly, Habibi-Yangjeh et al. [50] synthesized a p-n heterojunction with ZnO/ZnBi; Oy
nanocomposite to fabricate a durable visible-light-activated photocatalyst for organic pollutant
degradation. The ZnO/ZnBi;O4 p-n heterojunction exhibits considerable photocatalytic ability
compared to ZnO, with high throughput performance in the degradation of different pollutants.
It should be mentioned that, in addition to photocatalytic applications of ZnQO, it can also be
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used for antibacterial improvements due to toxicity mechanisms in ZnO, including Zn**
release, reactive oxygen species (ROS) generation, membrane dysfunction, and nanoparti-
cle internalization into cells [51]. Although ZnO is considered one of the most traditional
photocatalysts, numerous studies must be conducted for its improvement, particularly to
enhance its visible-light response via bandgap narrowing. These include integration of
ZnO with metallic and /or nonmetallic dopants, polymeric fabrications, dyes, and/or small
bandgap semiconductors; heterojunction production between two or more semiconductors;
and designing hierarchically structured photocatalysts with exposed reactive facets, as
shown in Figure 12 [52].

Reduction

Oxidation
h+
Figure 12. A simplified illustration of a p—n heterojunction construction.

Photocatalytic activity alongside photocatalytic recyclability of ZnO can be improved
by the utilization of magnetic semiconductor materials. In the literature, numerous choices
can be found for heterojunction construction, expanding the potential application of ZnO
photocatalysts in practice, specifically in the environmental fields. A comprehensive
study is required to investigate the variations in the electronic and lattice structure of the
modified ZnO when it is doped/loaded with charged/uncharged elements and small
bandgap semiconductors. In order to further comprehend the involved mechanism during
photocatalytic reactions and construct efficient photoreactors, a modeling study is required
for practical purposes.

2.4. Non p-n Heterojunctions

Non-p-n heterojunctions are made by tightly combining two or more semiconductors
with relevant bandgap energies and band positions. These combined semiconductors must
have very intimate contact to ensure and facilitate the photogenerated electron-hole pair
transfer. In p-n junctions, there is a depletion region and the electric field for charge transfer,
whereas in non-p-n junctions there are nano-scale junctions with photo-carrier collections
occurring in in-band offsets. The visible-light-active heterojunctions that are generated by
two semiconductors are categorized into four main groups based on the bandgaps and
band position, namely, Type I: heterojunctions fabricated by visible-light-active and UV-
active components; Type II: heterojunctions that are produced from two visible-light-active
components; Type III: heterojunctions with Z-scheme; and Type IV: heterojunctions with
the S-scheme mechanism.

2.4.1. Type I: Heterojunctions Made by Visible-Light-Active and UV-Light-Active
Components

In this kind of heterojunction, just one of the components is active and able to fabricate
electron-hole pairs under visible-light irradiation, whereas the second component cannot
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produce photogenerated carriers. In this condition, the CB electrons of one component
with a low bandgap energy can be transferred to the CB of the other component with high
bandgap energy, and leave the hole in the VB of the exciting component. Subsequently,
electrons can interact in surface chemical reactions, as shown in Figure 13. It must be
mentioned that the conduction band position of the low bandgap semiconductor must be
above that of the high bandgap component. This kind of heterojunction is used to broaden
the absorption range of UV light active semiconductors toward visible light.
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Figure 13. Schematic illustrating the heterojunctions produced from one visible-light-active compo-
nent and other UV-light-active component.

There are numerous chalcogenide-contained heterojunctions in Type I semiconductors
such as CdS-Zn0O, ZnS-ZnO, CdS-TiO,, CdS-TayOs, ZnSe-TiO;,-xNx, ZnSe-ZnO, and CdS-
NaNbOs3. Some other heterojunctions of this group contain two semiconductor oxides, one
with visible-light activity and the other UV light activities, such as In,O3-Gd; Ti; Oy, In,O5-
TiOZ, In203-TazO5, GdzTizO7/GdCI'03, CaWO4 /BizWO6, BizO3-Ag3PO4, BizO3-TiOz, and
Bi;Mo0QO4-TiO,. In this type of semiconductor, because photogenerated charge carriers
must have easy mobility from one to another, the crystal structure has a crucial effect on
charge separation [53]. It was also reported that BilO4/BiVOy heterojunction demonstrates
the enhanced photoelectrochemical performance toward rhodamine B (RhB) degradation
and photocurrent generation compared to the two individuals under visible light. Indeed,
the promoted photocatalytic activity was related to the fabrication of a BilO4/BiVO,
heterojunction since it provides an efficient interfacial charge transfer. Regarding the CdS-
based materials, an electron-donating strategy can be utilized to improve the structure of
metal-organic framework photocatalysts with a co-catalyst-free design for highly effective
photocatalytic hydrogen evolution. In this regard, Dong et al. [54] designed an innovative
CdS-based metal-organic framework photocatalyst with the cooperation of triethanolamine
as the hole-scavenger, which eventually led to a very excellent Hydrogen evolution rate [54].

2.4.2. Type II: Heterojunctions Made by Two Visible-Light-Active Components

Type II heterojunctions are composed of two components that are both active in visible
light and equally contribute to absorption, electron-hole pair separation, and electrochem-
ical surface reactions. In order to work appropriately, the VB and CB of one component
should be higher than the VB and CB of the other. Hence, the excited electrons can transfer
to the CB of the other, while the photogenerated holes can transfer to the VB of the second,
thus leading to an effective charge separation.

Until now, several heterojunctions from Type II have been introduced and investi-
gated, such as a semiconductor containing graphitic carbon nitride (g-C3Ny). Due to their
small bandgap and layered structure, these semiconductors have promoted charge carrier
portability and maximized charge carrier separation under visible light. Some of these
graphitic carbon nitride semiconductors are graphene-g-C3Ny, g-C3N4-BiOBr, g-C3Ny-
CdS, Inzog-g—C3N4, g-C3N4-Ag3PO4, g-C3N4-Bi2W06, and g—C3N4—TaON. Some of the
other members of this group are bismuth-based composite catalysts, such as BiOCl-Bi, O3,
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BiyO3-WO3, WO3-Bi;WOg, and BiyS3-BipWOg. It should be noted that tungsten oxide
(WO3) is a proper semiconductor candidate due to its substantial visible-light absorption
(>480 nm), exceptional optical properties, and adjustable bandgap. In addition, WOs is
highly beneficial because of its nontoxic and safe nature, economic cost, and durability in
acidic and oxidative circumstances. The organic dye degradation by the WO3/Ag3 POy
heterojunction semiconductor and the related mechanism is shown in Figure 14 [55].
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Figure 14. The organic dye degradation by the WO3/Ag3z PO, heterojunction semiconductor and the
related mechanism.

A small bandgap, nontoxicity, and high durability are some merits of WOj3 that cause
favorable applications of WOj3 in photocatalysis. The improved catalytic activity was
associated with high surface areas, separation capability, and the considerable charge
transfers of WO3; nanocomposites, and successfully transfers active sites and accelerates
photogenerated charge transfer and separation. In addition, a proper scheme to increase
photoinduced charge separation efficiency and its catalytic behavior is the formation of
composites.

2.4.3. Type III: Heterojunctions with Z-Scheme Mechanism

Type III heterojunctions, like those of Type II, have two visible-light-active compo-
nents, based on what is mentioned as the Z-scheme type. The natural photosynthesis
(NPS) procedure in green plants converts the HyO and CO, into O, and carbohydrates
with the Z shape photosystem, as shown in Figure 15 [56]; this Z-scheme has a two-step
photoexcitation process. In the same manner, the synthetic Z-scheme systems that try
to mimic natural systems also consist of two connected semiconductor photocatalysts
that can keep the electron-hole pairs with proper reduction/oxidation abilities on active
regions [57]. In this type, the band positions located similarly to photogenerated holes in
the VB of semiconductor A are neutralized by photogenerated electrons of the CB in semi-
conductor B. When electrons transfer from semiconductor A to semiconductor B, charge
carrier separation occurs with a similar mechanism to that of Type II. Meanwhile, the third
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generation of Z-scheme photocatalysts was introduced as direct Z-scheme photocatalysts,
which are mainly utilized in solar-energy conversion due to their excellent potential for
spatial-photogenerated electron-hole pair separation and their optimized oxidation and
reduction ability. In fact, a simple Z-scheme photocatalysis is very much like Type-II het-
erojunction photocatalysis, but it has a distinct charge-carrier migration mechanism [58], as
presented in Figure 16.
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Figure 15. Schematic representation of the charge separation mechanism in natural photosynthesis
known as the Z-scheme.

Reduction

eduction
e Ei‘

Oxidation nt
h* Oxidation
SCA SCB

SCA SCB
(b) Type — II heterojunction (a) Direct Z-scheme

Figure 16. The schematic illustration and the correlation between the mechanism of charge-carrier
separation in (a) Type-II heterojunction and (b) the direct Z-scheme.

The majority of the semiconductors with the Z-scheme mechanism have been pro-
duced from g-C3Ny and are most studied and investigated in hydrogen production and dye
degradations [59-61]. Water splitting by Z-scheme was first introduced by Bard et al. [62]
in 1979; since then, it has been rapidly developed and utilized. In Z-scheme water splitting,
reversible redox mediators such as Fe3* /Fe?t, 03~ /1, and NO3~ /NO?~ are commonly
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utilized as electron transport chains [57]. The utilization of the Z-scheme mechanism has
some advantages compared to single-component photocatalysts and heterojunction-type
nanocomposites, including small bandgap, further suppression of electron-hole pairs’
recombination, and favorable band-edge position with substantially large overpotential.
The efficient charge separation and enhanced activity were reported in the Z-scheme-based
semiconductor systems with various morphologies and catalysts, such as WO3-g-C3Ny [63],
MOO3-g-C3N4 [60], BizOg,-NaNbOg [64], BiVO4-g-C3N4 [65], and AgI-BizOg [66]. It was
reported that glyphosate, which is commonly used in herbicidal applications, is a toxic and
cancerogenic material and must be degraded; one of the best options for this is semiconduc-
tor photocatalysts for the treatment of organic pollutants. In this regard, visible-light-active
photocatalysts are of special interest; bismuth tungstate (Bi,WQOg), having visible-light
absorption (Eg ~ 2.7 eV), satisfactorily stability, low toxicity, and very potent oxidation
capability toward organic contamination, seems to be a promising candidate for glyphosate
degradation [67].

In comparison with the pure hierarchical BiyWOg and WO3 /BipWOg, the Ag/WO3/Bi; WOq
heterojunction presents improved photocatalytic behavior in the removal of gaseous chloroben-
zene under simulated sunlight. It was reported that 2% Ag/WO;3;/Bi;WOg heterojunction
has up to 2.5- and 1.9-times higher conversion efficiency than that of the pristine Bi,WOg and
WO3/BipWOg samples. This upgraded photocatalytic activity can be related to the fabrication of
three-component heterojunction and SPR of Ag NPs, which can not only improve the visible-
light absorption, but also enhance the separation efficiency of the photogenerated electrons
and holes in the hybrids.

One of the effective strategies to promote Bi;WOg¢ performance is to combine it with
other semiconductors through the Z-scheme mechanism. Accordingly, Tang et al. [68]
synthesized a hierarchical CuyS/ Bi;WOq heterojunction through a three-step route by
the Z-scheme mechanism, as shown in Figure 17, to enhance the photocatalytic perfor-
mance of glyphosate degradation under irradiation of visible light. This CuyS/ BiWOg
heterojunction exhibited an improved visible-light photocatalytic performance and led to
far better results than just Bi;WOg or Cu,S. This enhanced performance was related to
hierarchical morphology, considerable absorption of visible light, and utilization of the
Z-scheme mechanism [68].
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Figure 17. Schematic illustration of production route of hierarchical Cu,S/ Bi,WOg photocatalysts.

The binary Bi; WOy /CuBi,O4 heterojunction photocatalytic hybrid to degrade ciprofloxacin
was synthesized through a one-step Z-scheme mechanochemical operation with a solid-state
system [69]. This Z-scheme-based heterojunction presented an excellent photocatalytic ac-
tivity in the ciprofloxacin degradation under simulated sunlight (A > 420 nm). This hybrid
BipWOg /CuBiyO4 heterojunction demonstrated an improved separation and migration ef-
ficiency toward photogenerated charge carriers due to its p-n heterojunction condition
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and the corresponding high redox capability. The investigation of the related mechanism
exhibited that the charge transfer path follows the Z-scheme model with the crucial role
of H* and *O?. In this regard, during the mechanochemical synthesis process of the
Bi;WOg¢/CuBi;O4 heterojunction, 2 g of Bi;O3 was ground with WO3 or CuO at a spe-
cific molar ratio. Subsequently, the produced Bi;WOg/CuBi,O4 hybrids were further
processed by grinding a 2 g mixture of Bi;O3, CuO, and WO3 with BiyWOg/CuBiyO4
molar ratios of about 10%, 20%, and 30%. The one-step mechanochemical Z-scheme-based
BiyWOy /CuBi;O4 heterojunction production process has substantial potential to achieve
efficient CIP decomposition.

In another recent study, Li et al. [70] produced a 2D /2D g-C3N4/Au/Bi;WOg hetero-
junction based on a Z-scheme photocatalyst with improved photocatalytic activity. This
visible-light-driven photocatalyst was generated through photoreduction and hydrother-
mal reaction methods. The excellent photocatalytic activity was related to 2D /2D Z-scheme
architecture, which supplied a large number of active sites and efficiently enhanced the
separation of photogenerated carriers. In this type of 2D /2D g-C3N4/Au/Bi;WOg hetero-
junction, the Au nanoparticles acted as the redox mediator between g-C3Ny and Bi;WOgq to
improve the transmission and separation of photogenerated electron-hole pairs [70].

2.4.4. Type IV: Heterojunctions with S-Scheme Mechanism

Despite the numerous advantages of traditional heterojunction systems and the Z-
scheme group, they suffer from various shortcomings, which will be solved. Accordingly, a
new group of heterojunction mechanisms was introduced for semiconductors, known as
the S-scheme mechanism. The S-scheme heterojunction has both types of photocatalyst,
oxidation photocatalysts (OP) and reduction photocatalysts (RP), with staggered band
structures and similarities to the Type II heterojunction. However, the S-scheme mechanism
has a very different charge-transfer condition; Figure 18 schematically shows the difference
between Type Il and S-scheme heterojunction. It should be noted that RPs have high CB
and are commonly used in solar fuels. In RPs, electrons should be eliminated by sacrificial
agents since they are more effective than photogenerated holes, although OPs are commonly
used in environmental degradation, and in this case, holes are the main contributive factors
and electrons are useless [71]. According to Figure 18, the typical Type II heterojunction has
poor redox ability since electrons and holes are respectively piled up on the CB of OP and
VB of RP. In contrast, in an S-scheme heterojunction, the energetic electrons and holes are
respectively accumulated in the CB of RP and VB of OP, and the useless photogenerated
charge carriers are recombined and lead to a powerful redox potential [72-74]. Hence, the
S-scheme charge-transfer route follows the “step” shape at the macroscopic level (from low
CB to high CB, Figure 18b), resembling the letter S, while microscopically resembling the
letter N.
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Figure 18. Schematic illustration of (a) Type II heterojunction and (b) S-scheme heterojunction.
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The S-configuration for the heterojunction allows for increased efficiency through
high internal electric fields, bending of bands, and increased Coulomb attraction. These
increase the driving force, allowing for the recombination of electrons in the CB of OP
and hole rearrangement in the VB of RP. Therefore, the unproductive electrons and holes
are successfully excluded through recombination, and the productive electrons and holes
are retained to be enrolled in photocatalytic reactions. Figure 19 shows the development
of these three main factors: (a) As seen in Figure 19a, RP has higher CB and VB band
positions and lower work function than OP; when these two semiconductors are close to
each other (before contact), the electrons of RP transfer to OP, thus creating an electron
depletion and electron accumulation layer adjacent to the interface. Concurrently, the
negatively charged OP and positively charged RP produce an internal electric field directed
from RP to OP; Figure 19b. This produced electric field effectively accelerates the transfer
of photogenerated electrons from OP to RP. (b) When OP and RP are connected, their
relative Fermi levels should also be aligned, inducing an upward and downward shift in
the Fermi levels of OP and RP. In this regard, the band bending forced the accumulated
photogenerated species at the interface region (electrons in the CB of OP and holes in
the VB of RP) to be recombined. (c) Due to Coulombic attraction between holes and
electrons, holes in the VB of RP and electrons in the CB of OP are tilted and inclined to
recombine at the interface [75-77]. It should be noted that S-scheme photocatalysts have
numerous applications in different fields such as hydrogen production [78-80], disinfection
against bacteria [81,82], and pollutant degradation [83,84]. The S-scheme charge transfer
mechanism of TiO, and PDA, before, after, and under irradiation during CO; reduction
is shown in Figure 20 [77,78]. The effect of potential discontinuity in bands, and the
overlapping of bands in three different heterojunctions, is shown in Figure 21. As shown,
charge carriers’ movement between the band levels of Type II heterojunctions maintains
the specific charge separation. According to the number of connected semiconductors,
heterojunctions can be classified into binary, ternary, and quaternary heterojunctions [79].
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Figure 19. The charge-transfer processes leading to enhanced efficiency in an S-scheme heterojunction,
before contact (b), after contact (a) and with light irradiation (c).
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Figure 20. Schematic illustration of the relative band energy positions of TiO, and PDA before contact
(a), after contact (b), and under irradiation (c), and the S-scheme charge transfer mechanism between
TiO, and PDA under irradiation.
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Figure 21. (a) Schematic illustration of three types of heterojunction. Charge generation and move-
ment in (b) Type II heterojunction and (c) Z-scheme heterojunction.

The S-scheme photocatalysts can help to overcome the low solar-to-hydrogen (STH)
conversion efficiency, leading to further improved water splitting and hydrogen produc-
tion. Moreover, the S-scheme heterojunction has considerable superiority in spatial charge
separation. The efficiency of the utilization of the S-scheme mechanism in organic pollutant
removal, including of pesticides, azo dyes, polyaromatic hydrocarbons, pharmaceutical
active, and compounds, is clear and well documented [80]. In addition, S-scheme photocat-
alysts have great potential to improve solar-to-chemical conversion in hydrogen production.
The incineration of fossil fuels induces an unavoidable increment in the CO, magnitude of
the atmosphere that should effectively be reduced. Due to the challenging process of CO,
reduction, which has a large thermodynamic barrier and requires multiple reaction steps,
photocatalysts utilized in CO; reduction should have a potent redox ability to afford the
required driving force. In this regard, S-scheme photocatalysts with unique charge-transfer
mode are the best candidates for CO, reduction and disinfection applications, since pho-
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tocatalysts with high redox abilities can substantially disinfect bacteria. In addition, the
pollutant degradation efficiency in photocatalysts strongly relies on the productivity of
active species with strong oxidation ability, which can be successfully provided by S-scheme
heterojunctions.

In a recent study by Fu et al. [81], a novel S-scheme heterojunction concept was
proposed in which a two-dimensional (2D)/2D surface-to-surface heterojunction was
designed to enhance the activity of photocatalysts. In fact, a greater interfacial contact
area enhanced the transfer/separation of interfacial charge carriers. For this aim, Fu
et al. [81] fabricated an ultrathin 2D /2D WO3/g-C3Ny step-like composite heterojunction
photocatalysts through electrostatic self-assembly of ultrathin tungsten trioxide (WO3) and
graphitic carbon nitride (g-C3N4) nanosheets. It was reported that this ultrathin layered
heterojunction structure has an excellent capability to promote the surface photocatalytic
rate since photogenerated holes and electrons at the heterogeneous interface can readily
transfer to the surface of photocatalysts, exhibiting superior Hy-production activity than
pure g-C3Ny and WOs.

Recently, it was shown that the CuO/ZnO-based S-scheme heterojunction photocata-
lysts with mesoporous structures can be utilized to reduce and remove mercury ions [82].
This novel photocatalyst structure was achieved by a wet chemical process in the presence
of the F127 surfactant. The synthesized mesoporous CuO/ZnO heterojunctions presented
an efficient reduction and removal of Mercury (Hg (II)) ions via visible light. The optimized
3%CuO/ZnO heterojunction exhibited a substantial photoreduction/removal efficiency
toward Hg(Il), reaching up to 100% within 60 min; this value is about 14 to 24 times higher
than those of P-25 and pristine ZnO NPs [82]. This substantial photoreduction/removal
efficiency is related to the mesoporous structure, promoting the light utilization rate due to
its special architecture, incrementing the surface area and pore volume, enhancing mass
diffusion, supplying more active sites, and raising photoinduced electrons [82]. During
the S-scheme heterojunction photocatalytic mechanism in the reduction and removal of
Mercury (Hg (II)) ions via visible light by mesoporous CuO/ZnO heterojunctions, the CB
edge of Cu (~4.96 V) is more negative than ZnO (~4.19); thus, when the heterojunction is
exposed to visible light, the VB of CuO is stimulated to its CB, reducing the adsorbed O,
on the CuO surface to the O, ® radical. Then, the adsorbed Hg (II) is reduced by the O, *
radical onto the CB of CuO. Moreover, the photoinduced electrons shifted from CB of ZnO
to VB holes in ZnO to generate *OH radicals. Subsequently, the adsorbed HCOOH scav-
enges holes oxidized through *OH radicals onto ZnO’s VB for conducting photocatalytic
oxidation. Hence, the significant improvement in photocatalytic efficiency of ZnO/CuO
heterojunction is related to effective photoinduced carrier separation and the favorable
adjustment of band edges, based on the S-scheme mechanism [71].

Jin et al. [83] fabricated graphdiyne (GD)-based heterojunction composite through
S-scheme for effective photocatalytic hydrogen production by novel CulGD/g-C3Ny4 com-
posite. This Cul-GD/g-C3N4 nanocomposite was produced through a simple calcination
process and, because of the inhibited recombination of photoinduced electron-hole pairs,
the photocatalytic activity and performance were considerably improved and led to a high
hydrogen evolution rate [83]. It was proved that the chemical integration phenomenon
that occurred by GD between g-C3Ny4 and Cul had a great impact on improving electron
transfer and facilitating the interface charge transfer trend [83].

In another investigation, Xia et al. [84] constructed a 0D /2D S-scheme-based heterojunc-
tion encompassing CeO, quantum dots along with polymeric carbon nitride (CeO,/PCN)
via in situ wet chemistry followed by heat treatment. This novel heterojunction demon-
strated a high-efficiency photocatalytic sterilization rate of about ~88% towards bacterial
Staphylococcus Aureus (S. aureus) under visible-light irradiation, which was 2.7 and 8.2 times
higher than that of pure CeO2 and PCN [84]. This enhanced photocatalytic antibacte-
rial performance is due to the resultant redox proficiency, and the efficient capability of
CeO, /PCN heterojunction in the separation and transfer process of photogenerated charge
carriers [84]. Recently, the S-scheme-based WO3/TiO, heterojunction produced by a facile
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one-step hydrothermal method showed an improved photocatalytic Hy-fabrication activity
via graphene modification [85].

In this ternary heterojunction composite, and in order to produce a novel S-scheme
heterojunction, TiO, and WO3 nanoparticles closely stick to reduced graphene oxide (rGO).
In this composite, rGO, acting as an ideal support, provides numerous adsorptions and
catalytically active sites, and enhances electron separation and transformation through
the conduction band of TiO, (by supplying a Schottky junction between TiO, and rGO),
leading to suppressed recombination of electron-hole pairs [85]. Moreover, Deng et al. [86]
fabricated a p-type ZnMn,04 and n-type ZnO heterojunction based on an S-scheme mecha-
nism in order to promote CO, reduction performance since it is beneficial to evolve CO,
into energy-dense hydrocarbon fuels through photocatalytic CO, reduction. For this aim,
hierarchical ZnMnyO4/Zn0O nanofibers were synthesized as photocatalysts via electrospin-
ning and calcination processes. This novel design led to the generation of more active sites
with multiple light reflections, and enhanced interface charge transfer [86].

In addition to the used heterojunction scheme and the structure of photocatalysts,
numerous factors can affect the hydrogen production efficiency, including the active layer
morphology, microstructure, and molecular weight [87,88]; ultimately, however, what mat-
ters most is the hydrogen production rate, reduction efficiency, and quantum yield. Table 1
briefly lists some of the investigations conducted into the heterojunction semiconductors
along with their resultant efficiency in hydrogen evolution.

Table 1. Some investigations into heterojunction semiconductors with their hydrogen production

rate.
Semiconductor Magrials .Imml.v edin Application/Result Hydrogen Production Rate (umol h-1 g-1) Ref
eterojunction
Carbon coated Ni/TiO, Photostability in an aqueous suspension 2000 [89]
graphene/TiO, Hz—productic(;)r;1 taacltrllxlzrl‘tgy ﬁe?}?;fgfls solutions 736 [90]
In,S;3/ (Pt-TiOy) Photocatalytic H, production 1350 [91]
Au/TiO, Excellent photoelectrochemical response 0.5 [92]
V205 /N,S-TiO, Improved H production and phenol degradation 2966 [93]
TiO, /AgGaS, Improved H, production rate 4200 [94]
TiO;-based Fe,03/TiO, Improved H, production rate 7253 [95]
PH@TIO,@InyOs@MnO; High photocat:llgréi}fjcc”tzgzﬁtgxard water and B [10]
WOs /ggéﬁita}li%;aphene Promoted photocatalytic H, production activity 245.8 [85]
Macro—Mesoporous Enhanced capacity fpr rapid adsorption and ) [1]
TiO, —Graphene photodegradation of organic dyes
Au/TiO, Light intensity plays a key role in photocatalysis 7-9 kW/m? [12]
TiO,/C3Ny /TizCy Improved CO; reduction activity COyyield: 3.14 [77]
TiO, /polydopamine Improved CO; reduction activity and selectivity Methane yield: 1.50 [78]
CdS nanorods/CdSe Improved H, production rate 40,500 [96]
CeO,/CdS Promoted photocatalytic hydrogen activity 223 [97]
CdS/ZnS/In,S; Promoted photocatalytic hydrogen activity 8100 [98]
CdS-based MoS, /G-CdS Improved H; production rate 9000 [99]
CdS nanorods/Cu;MoSy Superior photocatalytic activity for H, evolution 15,560 [6]
CdS-based MOFs Without Cg}fgttgi{a’fslymszegjL&’;ﬁ;ﬁ‘r{y efficient 26,100 [54]
SnNb20s /CdS- Excellent photocatalytic hydrogen production. 7808 [100]

diethylenetriamine
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Table 1. Cont.
. . Hydrogen
Semiconductor Magrlals ynvol.v edin Application/Result Production Rate Ref
eterojunction 11
(umol h-1g-1)
8-CaNa/ Zh}c Sensitizer of Graphitic Carbon Nitride 12,500 [101]
phthalocyanine
WO;/g-C3Ny Enhanced photocatalytic activity 110 [63]
ZnFe;04/g-C3Ny Efficient solar H, generation 200.77 [102]
g-C3Ny—SrTiO5:Rh Enhanced H, evolution 2223 [103]
(g-C3Ny)-Pt-TiO, Photocatalytic H, production 1780 [104]
Graphitic carbon K-I co-doped g-C3Ny Enhanced charge separation efficiency 41.23 [9]
nitride-based g-C3Ny/Au/Bi,WOq Promoted visible-light-driven photocatalytic activity - [70]
WO3/g-C3Ny Excellent photocatalytic H, generation activity 982 [81]
Enhanced performance for neonicotinoid
g CsNs/WOs/ Agl degradation - (28]
SnS2/RGO/g-C3Ny Enhanced photocatalytic activity for H, generation 2050 [25]
Cul-GD/g-C3Ny Efficient photocatalytic H, evolution 43 [83]
g-C3Ny-TiO, Photocatalytic degradation of formaldehyde in air - [61]
. Enhanced photocatalytic activity with high
WOs/8-CsNs dependency to WOj3 content 110 [63]
sub-nanometer thick
layered TiO, nanosheet/ Efficient solar H, generation 1000 [105]
CdS and TiO, CdS (QDs)
-based Chromosilicate decorated . ’
with (CdS/C or CdS-TiO,/C) Improved H; production rate 2580 [106]
Au@TiO,-CdS Efficient solar H, generation 1970 [107]
Reduction in band gap leading to enhanced
KTaO, absorption of visible light ) 8l
~ High efficiency for the photocatalytic generation of
N-doped graphene ((N)G) H2 from water/methanol mixtures 336-4999 (]
Excellent photocatalytic performance to
ZnO@ZnS micro/nanoferns decontaminate inorganic-organic biopollutant - [16]
systems
Calcium silicate hydrate Harmful heavy metals in polluted water are removed —
(CSH) nanosheets and collected by adsorbents COyield: 17,100 [20]
BiVO4/Ti3C; nanosheets Improved photocatalytic activity Up to 1800 [27]
Other Ag/LaVO4/BiVO, Enhanced photocatalytic H, evolution 3720 [33]
Agl-decorated 3-Bi>O3 Efficient degradation of organic pollutants - [66]
Ag/ZnO nanosheets Enhanced visible-light degradation 443.6 [44]
. Improved kinetics process of charge-carriers for ,
ZnIny S, microflowers photocatalytic H2 evolution 2400 1471
. Durable visible-light-activated photocatalysts for
Zn0/ZnBi;0, efficient removal of organic pollutants ) (501
ZnBi,04/7ZnO Enhanced H, production and BPA degradation 3440 [108]
Promoted visible-light-induced photocatalytic
BilO4/BiVO, performance for rhodamine B degradation and - [53]
photocurrent evolution
Bi; O3 /NaNbO3 Highly active photocatalytic performance - [64]

2.5. Multi-Component, Hybrid, and Other Semiconductor Heterojunctions

Because of several limitations in two-component heterojunction photocatalysts, such

as lower region of visible-light response, multi-component heterojunction systems are
introduced with an electron transfer system and some visible-light active components (two
or more) that are spatially accommodated. Mostly, multi-component heterojunctions consist
of two semiconductors and one metal [45]. Figure 22 shows the schematic of a typical multi-
component heterojunction system where two semiconductors of A and B (S-A and S-B) can
be stimulated by UV /visible light with various photo-absorption ranges; the juxtaposition
of their photo-absorption can significantly expand the UV /visible-light photo-response
range. The first photocatalytic action is the adsorption of photons from the UV and from
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the visible light. Photons have energies that are equal to or higher than the bandgap of S-A
and S-B, producing holes in VB and electrons in CB. Then, electrons in the CB of S-A are
allowed to flow into the metal by the Schottky barrier (electron transfer I: S-A — metal)
since the CB of S-A is higher with respect to the metal. The I electron transfer process
is faster than the electron-hole recombination among VB and CB of S-A. For this reason,
many electrons (in CB of S-A) can accumulate into the metal. This results in the production
of many holes with consequent oxidation in the VB of S-A. This provides excellent results
because an increased number of holes allows increased oxidation of the pollutants or OH™.
By comparison, holes in the VB of 5-B can easily flow into the metal due to the increased
energy magnitude of the metal with respect to the VB of S-B. This takes place through the
mechanism of electron transfer II: metal — S-B, which acts more quickly with respect to
the electron-hole recombination among the VB and CB of S-B. In this way, an increased
number of electrons are available to reduce all the absorbed compounds such as H* and O5.
As a consequence, an increased number of electrons can transfer due to the stimulation of
5-A and S-B through light. Thus, in the described electron transfer process, the employed
metal allows for the storing or for the activation of sites for the electrons’ recombination
in the CB of S-A and for the recombination of holes in the VB of S-B. This is due to the
increase in the interfacial charge transfer and to the improvement in the full separation of
holes in the VB of S-A and electrons in the CB of S-B [45]. As a general consideration, the
multi-component heterojunction system allows for increased photocatalytic activity with
respect to configurations with a single semiconductor or semiconductor heterojunctions.

Oxidation

Figure 22. Schematic illustration of a typical multi-component heterojunction system.

In addition to the mentioned methods, some high-efficiency heterojunction photo-
catalysts can be produced through novel methods, namely, ultrasound-assisted synthesis
schemes. Lin et al. [109] developed high throughput Ag;PO,/CeO, heterojunction photo-
catalysts using an ultrasound-assisted method with significantly improved photocatalytic
activity in comparison to pure AgzPO,, CeO,, and AgsPO4/CeO, ones without ultrasound
application. The improved activity in the photocatalysis process is related to the shapely
and appropriate construction of the AgsPO,4/CeO, heterostructure.

Recently, hybrid photocatalysts have attracted much attention. Tho et al. [110]
proposed a novel efficient rGO/ZnBi,O4 hybrid catalyst generated through oxidation-
reduction and coprecipitation techniques. It seems that rGO/ZnBi,Oy is a favorable,
economic, and promising green photocatalyst candidate for environmental remediation
applications, and its advantageous performance is related to rGO (reduced graphene oxide).
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It was shown that the rGO/ZnBi,Oy in a suitable aqueous solution and under visible-light
irradiation can effectively degrade the toxic organic pollutant 2,4-D. The rGO species serve
as superior e~ acceptors and mediators, improving the photoinduced e~ transfer and
preventing the recombination of photoinduced e~ /H* pairs.

The novel CeO, /PbWO,4 nanocomposite heterojunction semiconductor photocatalysts
that were activated by UV and/or visible-light irradiation were fabricated via a simplistic
hydrothermal method to effectively photodegrade the Methylene Blue (MB) dye [111]. This
CeO, /PbWOy heterojunction demonstrated the significant photodegradation efficacy of
about 94% toward MB aqueous dye during 140 min of irradiation in visible light, which
is considerably higher than that of traditional ones. This CeO,/PbWO, heterojunction
possesses excellent charge separation/transfer, decreased bandgap, and powerful visible-
light absorption since it inhibits the photoexcited charge recombination [111].

Hybrid nanoparticles can assemble onto the halloysite support via microwave-assisted
methods to enhance photocatalytic performance. In this regard, halloysite-CeO,-AgBr
nanocomposites were generated through a facile microwave-assisted process with a great
impact of molar fractions on photocatalytic activity [112]. It was shown that both the high
adsorptive potential of halloysite and improved electron transfer in CeO,-AgBr effectively
assisted the photocatalytic methyl orange degradation [112].

3. Conclusions and Future Prospective

The presented review paper aimed to introduce and discuss the semiconductor-based
routes to fabricate novel photocatalysts stimulated by visible-light irradiation in order
to generate green and renewable solar fuels such as Hy. Hydrogen is considered to be
one of the most advantageous sustainable energy carriers with great potential to substi-
tute for fossil fuels because of its substantial gravimetric energy density. In addition, it
is very clean and its combustion, fortunately, is CO, free and leads to water production.
In this regard, semiconductor-based photocatalysis procedures have been proven to be
a promising scheme in hydrogen production. The catalysis process can be performed
using homogeneous and heterogeneous procedures, but the heterogeneous processes are
preferred. In semiconductor-based photocatalysis, the photon energy is utilized to generate
an electron-hole pair, leading to redox reactions. One of the main issues in achieving
enhanced quantum efficiency in photocatalysis procedures is the recombination of photoin-
duced species. Until now, various strategies have been proposed and explored to overcome
the high recombination rate issue; hence, reducing the recombination rate is crucial to
allow the photogenerated electron-hole to migrate to the surface and carry out reduction
and oxidation reactions with high efficiency. In this regard, the main goal of this review
paper is to discuss the design, synthesis, and characteristics of the novel high throughput,
visible-light-driven, heterojunction composite photocatalysts for environmental remedia-
tion applications. It was seen that many variables are involved in the achievement of these
targets, such as crystal structure, morphology, size, composition, element oxidation states,
optical absorption properties, electrochemical properties of the proposed heterojunction
photocatalysts, photocatalytic mechanism, catalyst dosage, temperature, and initial pH.
Therefore, it is of eminent importance to thoroughly understand and wisely tailor the
produced semiconductor for the desired application. This important issue requires accurate
knowledge of the possible advantages and disadvantages, challenges, and benefits of each
parameter and mechanism. It must be noted that the introduction of heterojunction materi-
als has a substantial impact on the improvement in conversion efficiency; for instance, just
a slight amount of Ag/WOs3/Bi;WOg heterojunction can improve the conversion rate by
up to 250% compared to pristine counterparts. This up-graded activity can be related to the
generation of a three-component heterojunction that improves visible-light absorption and
increases the separation efficiency of the photogenerated electrons and holes [67]. Moreover,
3% of CuO/ZnO heterojunction can lead to considerable photoreduction with substantial
removal efficiency toward Hg(II), reaching 100%, which is 24 times higher than that of
pristine ZnO [82].
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Semiconductors that have been introduced and used to date, such as two-component
heterojunction photocatalysts, have numerous limitations, including the limited region of
visible-light response, recombination issues, and unsatisfactory efficiency. Hence, multi-
component heterojunction systems are recommended with more visible-light active com-
ponents. Moreover, novel electron-transfer systems have been proposed that are spatially
accommodated. Multi-component heterojunctions consisting of two semiconductors and
one metal are among these novel generations. Additionally, hybrid heterojunctions have
been designed with the utilization of various nanostructure morphologies. Moreover,
additive manufacturing technologies, hierarchical designs, coatings, doping, etc., can con-
siderably help the semiconductor industry to gain the potential to manufacture complex
structures and morphologies in order to boost hydrogen production performance [113-118].
Recently, plasmonic nanomaterials have been introduced as frequency-tunable substances
with exceptional localized surface plasmon resonance (LSPR) [119,120]. The LSPR stimula-
tion can concentrate and intensify the light energy, and significantly improve the regional
electric field at the surface of the nanomaterial and promote the photocatalytic kinetics
reaction rate; this strategy was used by Jiang et al. [121] for photocatalytic CO, reduction
using the Au/TiO, /W13049 plasmonic heterostructure.

Despite significant progress in the field of heterojunction photocatalysts, consider-
able issues still remain in the progression of easy, profitable, and economic technologies
to generate modern and high throughput heterojunction photocatalysts at the industrial
scale for functional applications. Additionally, future designs should accurately control
the structure, porosity and surface condition, morphology, contact interface, hierarchical
assembly, and crystallinity of substances to attain high quality and efficient heterojunction
photocatalysts. Moreover, the literature lacks comprehensive theoretical approaches and
modeling investigations; hence, researchers should also work on these subjects. Further-
more, photocatalyst materials, including their design, doping, coating, combination state,
dye sensitization, and nanostructuring, and the production of novel materials such as
metamaterials with heterostructures, should be considered in future studies. The intelligent
designs and steps toward the production of smart materials can also be thought-provoking
topics for upcoming research plans.
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