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Introduction
Due to the development of various industries in modern 

society, water pollution has become one of the most serious 
environmental problems. Polluted water not only affects 
the ecological system, causing damage to the living in water 
and those relying on the aquatic animals and plants but 
also threatens human beings. One of the most common 
contaminants in wastewater is organic substances, most of 
which are very stable in the natural environment [1]. Hence, 
they can aggregate in wastewater and are therefore harmful 
to the aquatic ecosystem. Unfortunately, many industries are 
producing organic pollutants containing wastewater, which 
aggravates the water pollution problems [2]. Dye wastes 
represent one of the most problematic groups of pollutants 
because they can be easily identiϐied by the human eye and 
are not easily biodegradable. Generally, dyes are very stable 
to light and oxidation due to the complex aromatic molecular 
structures, but this causes damage to the environment and 
dramatically threatens human health [3-5]. Therefore, how to 

treat wastewater, especially removing organic pollutants in 
wastewater is one of the most crucial problems for sustainable 
development [6]. 

Various conventional treatment methods for dye removal 
from wastewater include physical, chemical, and biological 
processes such as anaerobic treatment, trickling ϐilters, 
ϐlotation, chemical coagulation, electrochemical coagulation, 
and membrane separation, which have been studied so far [7]. 
However, the main disadvantages of these methods include 
the production of toxic sludge, high operational cost, technical 
limitations, lack of effective color reduction, and sensitivity 
to a variable wastewater input. It is also a problem because 
these dye compounds in wastewater ordinarily contain one 
or several benzene rings and cannot be decomposed easily in 
chemical and biological processes. Moreover, most of the dyes 
are found to be resistant to the normal treatment process. 

The use of solar energy and semiconductor catalysts 
for photocatalytic degradation of organic dyes in water has 
been intensively investigated as an emerging renewable 

Abstract

In general, nanotechnology can be understood as a technology of design, fabrication and 
applications of nanostructures and nanomaterials, as well as a fundamental understanding of 
the physical properties and phenomena of nanomaterials and nanostructures. In recent years 
the development of industries like textile, leather, paint, food, plastics, and cosmetics is enlarged 
and these industries are connected with the discarding of a vast number of organic pollutants 
which are harmful to microbes, aquatic systems, and human health by infl uencing the diff erent 
parameters. So the fabrication of those nanomaterials (coupled or doped) to form heterojunctions 
provides an eff ective way to better harvest solar energy and facilitate charge separation and 
transfer, thus enhancing the photocatalytic activity and stability. We expect this review to provide 
a guideline for readers to gain a clear picture of the fabrication and application of diff erent types 
of heterostructured photocatalysts. In this review, starting from the photocatalytic reaction 
mechanism and the preparation of the photocatalyst, we review the classifi cation of current 
photocatalysts, preparation methods, a factor that aff ects photocatalytic reaction, characterization 
of photocatalysts, and the methods for improving photocatalytic performance. This review also 
aims to provide basic and comprehensive information on the industrialization of photocatalysis 
technology.
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technology [8-11]. Photocatalysis is one of the Advanced 
Oxidation Processes (AOP) considered an efϐicient, stable, 
and environmentally friendly method in the ϐield of 
environmental pollution control [12]. It is known that the 
photocatalysis process can proceed under UV light or/and 
visible light irradiation. Under light irradiation, active species 
are generated on the catalyst surface to react with the organic 
contaminants in the wastewater. During this process, the 
organic contaminants can be partially degraded to smaller 
molecules or even completely mineralized to CO2 and H2O 
[13]. Since visible light occupies much higher spectral power 
within the solar spectrum than UV light, visible light prompted 
photocatalysis is more advantageous for its efϐicient utilization 
of solar irradiation [14]. Therefore, developing a photocatalyst 
that can efϐicaciously degrade organic contaminants under 
visible-light irradiation is a highly promising direction in the 
application of wastewater treatment.

Several semiconductor photocatalysts are being used for 
the treatment of wastewater pollutants. Among them, TiO2, 
ZnO, CeO2, CdS, Ag3PO4, etc... has been reported as a new 
UV or visible-light-driven photocatalyst for the oxidation 
of water and photodecomposition of organic compounds 
[15-18]. To further improve the photocatalytic performance 
and stability of every single photocatalyst, combining it with 
a metal or other semiconductor to form hybrid materials is 
an effective way to promote the separation of photogenerated 
charge carriers and thus enhance the photocatalytic activity 
and stability.

Band gap modiϐications can be carried out by using 
several approaches such as doping of metal and non-metal 
elements, metal-metal co-doping, nonmetal-nonmetal co-
doping, metal-nonmetal co-doping [19], tri-doping, dye 
sensitization, deposition of noble metals, and making 
composite photocatalyst by forming heterojunctions [20-24]. 
Among the various techniques for the enhancement of visible 
light effective photocatalysis, composite photocatalysts have 
drawn more attention owing to their signiϐicant increase 
in photocatalytic activity. The formation of heterojunction 
between two semiconductors allows the interaction of the 
band structure which effectively prevents the electron-hole 
recombination thereby enhancing the photocatalytic activity 
[25]. Thus, in order to control the wide band gap of the 
ZnO nanoparticles, combining two or more semiconductor 
nanoparticles with different band gap energy has been used, 
and combining different semiconductor oxides can reduce 
the band gap, extending the absorbance range to the visible 
light region leading to electron-hole pair separation under 
irradiation and consequently, achieving a high photocatalytic 
activity [24,26].

Nanostructured semiconductors

Applying the concept of nanotechnology to heterogeneous 
catalysis helps us to understand more accurately the 
transformations occurring on the catalyst´s surface at a 

molecular level. The synthesis of materials with nanometric 
dimensions will facilitate a better understanding of the 
reaction mechanisms as well as to design of novel useful 
catalytic systems. Nanostructured photocatalysts offer a 
large surface-to-volume ratio allowing higher adsorption of 
the target molecules. Intensive research over the past decade 
on its implementation in the puriϐication of drinking water 
can be found in the literature [27,28]. Photocatalysis, using 
nanostructures of metal oxide semiconductors like zinc oxide 
(ZnO), titania (TiO2), and ceria (CeO2) can be an attractive way 
of water puriϐication as it is capable of removing chemical as 
well as biological contaminants [29,30]. A good photocatalyst 
should absorb light efϐiciently preferably in the visible or near 
UV part of the electromagnetic spectrum. Sufϐicient electron 
vacant states need to be present to inhibit the recombination 
of electron-hole pairs upon light exposure.

Since the discovery of heterogeneous photocatalysis [31], 
numerous efforts have been carried out to understand the 
mechanism of the reaction and how to select the main variables 
that affect its efϐiciency. Several authors have associated the 
efϐiciency of a semiconductor photocatalyst with electronic, 
structural, and morphological properties of the material such 
as band-gap energy (Eg), crystalline structure, surface area, 
and morphology. The possibility of controlling these variables 
is very interesting from a technological point of view because 
the development of materials with high photocatalytic 
activity allows their application to environmental ϐields 
such as wastewater treatment [32]. Thus, the development 
of nanostructured semiconductors for catalytic applications 
provides materials with a high value in their surface/volume 
ratio [33].

Eff ect of size

In particular, due to the small size of the particles, the 
quantum effect affects directly some physical properties of 
the material such as optical and electronic properties [34]. 
Such a situation has opened numerous ϐields of technological 
application of these materials, which include the development 
of new generations of solar cells, production of hydrogen, and 
elimination of pollutants from wastewater. From a point of 
view of photocatalytic applications, the small size of particles 
of nanostructured semiconductors plays an important role 
in the activity of photocatalysts. As is well known, the critical 
step in heterogeneous photocatalysis is the undesirable 
recombination of pair electron-hole before they reach the 
catalyst surface. In this sense, the small size of prepared 
particles reduces the pathway from the site of generation of 
the pair electron-hole to the catalyst surface.

Eff ect of composition

In heterogeneous catalysis, the reacting molecules adsorb 
on the catalytically active solid surface. Chemical bonds 
are broken and formed on the surface and eventually, the 
products are released back into the liquid or gas phase. Many 
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of the heterogeneous catalysts used in industry today consist 
of small particles of catalytically active material, typically with 
a diameter of 1-10 nm, anchored on porous support [35]. The 
use of nanoparticles results in a large contact area between 
the active material of the catalyst and the surrounding gas or 
liquid phase. This ensures that the catalytic material is used 
effectively. One of the interesting scientiϐic and technological 
challenges associated with the use of nanoparticles as catalysts 
is the understanding of how the composition and atomic-
scale structure of nanoparticles produce the best catalytic 
activity. The second challenge is to synthesize these particles 
with maximum control over the composition and structure. 
Modern nanotechnology methods clearly offer great potential 
for future developments in both the characterization and 
synthesis of heterogeneous catalysts based on supported 
nanoparticles. 

Metallic nanoparticles ϐinely dispersed over oxide 
supports have found use as heterogeneous catalysts in 
many industries including chemical manufacturing, energy-
related applications, and environmental remediation. The 
compositional and structural complexity of such nanosized 
systems offers many degrees of freedom for tuning their 
catalytic properties. For example, a higher surface area is 
desirable in a heterogeneous catalyst, in order to get a higher 
concentration of active sites where a molecule of pollutant can 
be anchored to undergo its decomposition by the interchange 
of carriers coming from excitation of semiconductor. To reach 
this condition, TiO2 nanostructured with zero dimensionality 
due to the shape of the sphere of its particle can be developed. 
The application of nanostructured TiO2 for wastewater 
treatment usually includes the elimination of organic 
compounds with large and complex molecular structures. 
For this reason, steric effects in the adsorption of molecules 
of organic pollutants over the surface of the photocatalyst 
should be taken into account. In this sense, two-dimensional 
nanosheets have smooth surfaces which leads to a high 
adhesion of organic molecules [36].

Approaches to make photocatalysis visible active

There are different methods for making zinc oxide active 
in visible light thereby increasing its photocatalytic activity 
for various applications. Some of the methods are discussed 
as follows:

Doping

Metallic doping: The use of semiconductors doped with 
a transition metal as photocatalysts has been extended in 
order to improve their physical properties, in particular, to 
induce a narrow energy band gap in its electronic structure. 
This situation can lead to producing materials with better 
photocatalytic activity than the well-known TiO2, in particular, 
to take advantage of the energy that comes from the visible 
region of the solar spectrum. However, the poor photo 
efϐiciency in the process of separation of charges under light 

excitation limits its future application. To solve this problem, 
the doped of metal transition oxides with a great variety of 
transition metal ions represents an interesting expectative, in 
particular, to enhance the photocatalytic activities of the oxide. 
For example, the semiconductor oxide ZnO with Wurtzite 
structure is one of the most studied photocatalysts after 
TiO2 due to its high electrochemical stability and nontoxicity. 
Several works revealed this oxide as a promising candidate 
to solve environmental pollution problems related to water 
puriϐication. Thus, reducing the energy band gap of the oxide 
by doping. Improvement in the activity of Ce-doped ZnO to the 
photocatalytic degradation of methylene blue in solution was 
attributed to the presence of a higher concentration of oxygen 
defects on the surfaces of crystalline-doped material [37,38].

Nonmetal-doping: Doping with carbon, nitrogen, sulfur,
and other non-metallic elements have been reported 
to introduce visible light absorption on zinc dioxide. 
Substitutional N-doping generates a new band close to the 
VB of ZnO with which electrons from the valence band of 
ZnO make a two-step transition to the conduction band 
using visible light. As result, photocatalytic activities of ZnO 
enhanced when compared with pure ZnO [39].

Coupling

To increase light utilization efϐiciency, a variety of 
approaches have been developed to engineer the oxide 
structures and properties, such as doping with metal and 
nonmetal elements, combination with other semiconductor 
materials, and sensitization by organ metallic dye molecules. 
In these, the formation of a stepwise band gap structure 
in the composites with other semiconductor materials has 
been found to lead to superior photocatalytic performance 
because the resulting catalysts not only extend light absorption 
to the visible region but also exhibit a reduced recombination 
rate of photogenerated electron-hole pairs. The association 
of two or more nanocrystalline semiconductors allows the 
design of semiconductors heterostructures that are potentially 
useful in photocatalysis, water splitting, microelectronics, and 
others [40,41].

Doping with coupling

However, metals and nonmetals doping enhance visible 
light utilization of semiconductors, in photocatalytic 
degradation of organic pollutants in wastewater treatment 
techniques. Doping with coupling has a tremendous effect on 
photocatalytic activities than only doping in heterogeneous 
photocatalysis. Thus, photocatalysts such as Fe codoped 
Sn-TiO2 and CuO coupled Sn-TiO2 were successfully developed 
and used in the photocatalytic degradation of methyl orange 
and phenol derivatives. The iron oxide coupled and doped 
Titania has excellent long-term stability and could perform the 
renewable photocatalytic activity. Results indicate that this 
material will be a promising visible light-active photocatalyst 
for the treatment of wastewater.
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Amongst the available strategies, the formation of 
heterojunctions has attracted great attention due to the 
effectiveness of separating photogenerated charges as well 
as the improvement of photocatalytic activity [19]. For 
example, the formation of Z-scheme junctions enables the 
use of n-type and p-type semiconductors for overall water 
splitting, while they can only achieve water oxidation or water 
reduction half-reaction when used alone. Even though there 
are several review papers reporting heterojunctions in recent 
years, due to the dynamic development of this research ϐield, 
a comprehensive review focused on the rational design of 
visible light responsive heterojunctions is still necessary to 
provide readers with a better understanding of the state-of-
the-art progress in this dynamic research ϐield [42,43].

Heterojunction photocatalysts

To improve the photocatalytic activities of a single 
photocatalyst, a good strategy is the coupling two 
semiconductors to form composite photocatalysts, because 
it has been reported that if two semiconductors are properly 
integrated into one system, this system can be expected to 
achieve high photocatalytic activity [44]. 

Visible light-responsive photocatalysts are fundamentally 
important for efϐicient photocatalysis. The design and 
synthesis of visible light responsive heterojunctions have been 
focused on the improvement of light harvesting, suppression 
of photogenerated charge recombination, and enhancement 
of photocatalytic activity [19,43]. According to the materials 
involved, heterojunctions can be primarily divided into 
ϐive types: semiconductor/semiconductor (S/S) junctions, 
semiconductor/cocatalyst (S/C) junctions, semiconductor/
metal (S/M) junctions, semiconductor/non-metal
(S/N) junctions, and surface heterojunctions. From those 
heterojunctions, S/S junctions (p-n and n-n) are discussed in 
detail in this review.

S/S junctions: Based on the band arrangements of 
semiconductors, S/S junctions can be classiϐied into straddling 
gap (type I) junctions, staggered gap (type II) junctions, and 
broken gap (type III) junctions [45] Amongst these three 
junctions, type II junctions are the most effective structure for 
the separation of photogenerated electrons and holes, which 
has been widely studied in recent years [46]. According to the 
mechanism of charge transfer and separation between the 
contacted semiconductors, three efϐicient junctions including 
p-n junctions, n-n junctions and Z-scheme junctions have 
been explored, which will be discussed in detail in this review 
section.

p-n junctions: The fabrication of p-n junctions 
composed of p-type and n-type semiconductors is effective 
to separate the photogenerated electrons and holes due to 
the formation of built-in electrical potential in the interfaces 
caused by the equilibration of Fermi levels, which transfers 
the photogenerated electrons from the CB of the p-type 

semiconductor to that of the n-type semiconductor while 
driving the holes from the VB of the n-type semiconductor 
traveling to that of the p-type semiconductor (Figure 1). 
Combining narrow bandgap p-type semiconductors with 
large bandgaps n-type semiconductors such as TiO2 and ZnO 
to form p-n junctions not only shifts the light absorption 
edge from the UV region to the visible light region but also 
effectively reduces the recombination of photogenerated 
holes and electrons. In recent years, visible light responsive 
p-n junctions such as Ag3PO4/CeO2 [47,48], Cu2O/TiO2 [49], 
Ag3PO4/TiO2 [50], CuO/ZnO [51] and Cu2O/ZnO [52] are 
synthesized.

n-n junctions: In n-n junctions, the positions of CB and 
VB of n-type semiconductor I am both more negative than 
that of n-type semiconductor II. Different chemical potentials 
between the two semiconductors cause band bending at 
the interface, forming a built-in-ϐield, which effectively 
drives the photogenerated electrons to move from the CB of 
semiconductor I to that of semiconductor II and holes from the 
VB of semiconductor II to that of semiconductor I (Figure 2)
[19,53].

Generally, narrow bandgap n-type semiconductors can 
help large bandgap semiconductors such as CeO2, TiO2, ZnO, 
and SnO2 to utilize visible light by forming n-n junctions. 
CdS/CeO2 junctions prepared via a simple precipitation 
method showed high activity for photocatalytic hydrogen 
production under visible light illumination for 120 h [54]. In 
addition, other narrow bandgap/large bandgap visible light 
responsive n-n junctions such as CeO2/ZnO [55], CeO2/TiO2 
[56], AgBr/TiO2 [57], C3N4/TiO2 [58] and Fe2O3/ZnO [59] also 
showed enhanced photocatalytic activity under visible light 

Figure 1: Schematic illustration of p-n junction band alignments and the 
correspondingly possible photoexcited electron-hole pair separation and transfer 
between them contacted semiconductors.

Figure 2: Schematic illustration of n-n junction band alignments, possible 
photoexcited electron-hole pair separation, and transfer between the contacted 
semiconductors.
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illumination. The formation of n-n junctions promotes the 
separation of photogenerated electrons and holes in narrow 
bandgap semiconductors, thus dramatically improving the 
photocatalytic activity when compared to the bare narrow 
bandgap semiconductor itself.

Multiple n-n junctions are proposed to further improve 
photocatalytic performance due to the enlargement of light 
absorption and better charge separation. For example, 
g-C3N4/CeO2/ZnO [60], CeO2-ZnO/TiO2 [61] and TiO2/CdS/
CdSe [62] junctions exhibited remarkable enhancement of 
photocatalytic activity.

Z-Scheme junctions: Generally, Z-scheme junctions are 
composed of semiconductor I with CB more negative than the 
hydrogen generation potential, semiconductor II with VB more 
positive than the oxygen generation potential, and a liquid-
state or solid-state electron mediator that can recombine 
holes from VB of semiconductor II and electrons from CB of 
semiconductor I, resulting in overall water splitting (Figure 3)
[63]. Unlike p-n junctions and n-n junctions mentioned 
above, Z-scheme junctions are able to keep photogenerated 
electrons and holes in strongly redox states, which is 
promising for water splitting [64], CO2 reduction [65], and 
pollutant degradation [66].

Redox couples such as IO3
-/I- [67], I3

-/I- [68], Fe3+/Fe2+ [69] 
and NO3

-/NO2
- [70] are widely used as liquid-state electron 

mediators for Z-scheme junctions, which can achieve overall 
water splitting. Pt/SrTiO3: Rh/(BiVO4, Bi2MoO6 or WO3)/
Fe3+/2+ [71], Ru/SrTiO3: Rh/BiVO4/[Co-(bpy)3]3+/2+ [72], CdS/
Au/TiO1.96C0.04 [73], Ru/(SrTiO3: La/Rh)/Ir/ CoOx/Ta3N5 [19], 
H2WO4·H2O/Ag/AgCl [74], Ag3PO4/Ag/AgI [75] are some 
of Z-scheme junctions. Even though redox couples-based 
Z-scheme junctions can achieve overall water splitting, these 
systems are limited to liquid phase photocatalytic reactions 
only, which hinders their applications in other ϐields such 
as photocatalytic pollutant degradation in solutions [63]. 
Moreover, the redox couples all inevitably absorb light and 
their long-term stability in a wide range of pH is challenging. 
Therefore, all solid-state Z-scheme systems attracted 
increasing attention in the past decade. Noble metals such as 
Au, Ir, Pt, and Ag can be used as solid-state electron mediators.

Principles of photocatalytic degradation

In the photocatalytic degradation process, organic 
pollutants are destroyed in the presence of a semiconductor 
photocatalyst, an energetic light source, and an oxidizing agent 
such as oxygen or air. Only photons with energies equal to, or 
greater than the band gap energy can result in the excitation of 
valence band (VB) electrons which then promote the possible 
reactions with organic pollutants. The absorptions of a 
photon with energies lower than the band gap energy usually 
cause dissipation in the form of heat. The illumination of the 
photocatalyst with sufϐicient energy leads to the formation of 
the positive hole (h+) in the valence band and an electron (e-) 
in the conduction band (CB). The positive hole oxidizes either 
the pollutants directly or water to produce hydroxyl radical: 
•HO, whereas the electron in the conduction band reduces 
the oxygen adsorbed on the photocatalyst [76]. For example, 
only semiconductors that possess a CB that is more negative 
than 0 V vs. normal hydrogen electrode (NHE) and a VB that is 
more positive than 1.23 V vs. NHE are able to split water into 
hydrogen and oxygen, as shown in Figure 4 [77]. In this regard, 
very few semiconductors can be used for photocatalytic water 
splitting. On the other hand, the photogenerated electrons 
and holes are in energetically unstable states and thus tend 
to recombine, which restricts photoconversion efϐiciency. 
Therefore, in addition to developing promising visible light-
responsive semiconductors, strategies are still needed to 
achieve high efϐiciency for commercial possibility.

The possible mechanism of degradation of the organic 
compound using an irradiated photocatalyst (ZnO) is 
described below:

1. Absorption of efϐicient photons (hv > Eg) .

Photocatalyst + hv→ h+ (VB) + e- (CB)                  (1)

2. Oxygen ion sorption (ϐirst step of oxygen reduction; 
oxidation state of oxygen changes from 0 to -1/2).

(O2) ads + e (CB) – → O2
-                      (2)

3. The -OH groups combine by photo holes which produce 
-OH radicals.

(H2O = H+ + -OH) ads + h+
VB → •OH + H+                   (3)

Figure 3: Schematic illustration of Z-scheme junction band alignments, possible photoexcited electron-hole pair separation, and transfer between the 
contacted semiconductors: (a) with liquid-state electron mediator, (b) with solid-state electron mediator, (c) without electron mediator.
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4. The O2•- combined with protons produces HO2•.

O2•- + H+ → HO2•                         (4)

5. Oxidation of the organic reactant via successive attacks 
by •OH radicals .

Organic (R) + •OH + O2 → CO2 + H2O + other products           (5)

The energy required for electron excitation depends 
on the particular characteristics of the semiconductors. 
The λmax required to promote an electron depends upon the 
band gap energy, (Eg) of the photocatalyst and is given by 
the following equation. Eg = 1240/λmax Semiconductors can 
act as sensitizers for light-reduced redox processes due to 
their electronic structure, which is characterized by a ϐilled 
valence band and an empty conduction band. When a photon 
matches or exceeds the Eg of the semiconductor, an electron 
(e-

CB) is promoted from the valence band into the conduction 
band leaving a hole behind. Adsorbed oxygen at grain surface 
is an electron capture, which can restrain the combination 
of electron and hole. The nano-scale catalysts have higher 
photocatalytic activity than normal material [78]. There are 
two reasons for this:

1. Quantum size effect: When the particle diameter 
becomes less than a certain critical value, the valence band 
and conduction band change into discrete levels, and the 
energy gap becomes broader, which means, the valence band 
electric potential becomes more positive and the conduction 
electric potential becomes more negative. Then the oxidation-
reduction capability of the electron and hole is enhanced 
and the photocatalytic activity of the nano semiconductor is 
improved.

2. Speci ic surface area: At the higher speciϐic area of 
particles there are more atoms on the surface; it improves 
the adsorption capability of semiconductors for organic 
pollutants: the time spent by electrons and holes to get to 
the surface of the particle decreases. The smaller the particle 
diameter, the shorter is time spent by carriers diffusing from 
inside to the surface. It can get higher separated efϐiciency and 

lower probability of electron-hole recombination. Therefore, 
the nano semiconductor has more photocatalytic efϐiciency 
than the common semiconductor. In general photocatalysis 
degradation of organic efϐluents is described brieϐly as follows 
Figure 5.

Factors aff ecting photocatalytic process

There are a number of factors that govern the 
photodegradation of a dye. Photocatalytic reactions are 
extremely complex processes involving many participants 
namely water, organic substrate, catalyst, light, and oxygen. 
Therefore, it is obvious that operational parameters related 
to each of these agents may affect the efϐiciency of the 
photocatalytic process. Photocatalytic reaction rates are 
known to be affected by several operation conditions including 
pH of the medium, catalyst loading, substrate concentration, 
intensity of light, temperature, and oxygen pressure. Also, the 
physical and chemical intrinsic properties of the photocatalyst 
may affect its photo efϐiciency [79].

Eff ect of photocatalyst load

The initial rates of reaction are directly proportional to the 
mass (m) of the catalyst. However, above a certain value of m, 
the reaction rate levels off and becomes independent of mass 
[80]. The increase in the efϐiciency seems to be due to the 
increase in the total surface area (active sites) available for 
the photocatalytic reaction as the dosage of the photocatalyst 
increased. However, when the catalyst was overdosed, the 
number of active sites on the catalyst surface may become 

Figure 4: Bandgap energy, VB and CB positions of several common semiconductors on a potential scale (V) vs. NHE/vacuum

Figure 5: Schematic diagram of photocatalytic degradation of organic effl  uent in 
wastewater.
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almost constant because of the decreased light penetration via 
the shielding effect of the suspended particles and the loss in 
the surface area caused by agglomeration [81].

Eff ect of initial dye concentration

As the concentration of the model pollutant increases, 
more molecules get adsorbed on the photocatalyst surface, the 
substrate concentration can inϐluence the extent of adsorption 
and rate of reaction at the surface of the photocatalyst. It 
will be an important parameter for optimization between 
high degradation rate and efϐiciency. Mahalakshmi and his 
coworker found the optimum concentration for the dye under 
investigation and the rate increases up to this point but above 
this concentration, the rate decreases due to insufϐicient 
quantity of •OH radicals, as the formation of •OH radicals is 
constant for a given amount of the catalyst [82]. Similarly, 
Zhu and his coworker reported that the photo generation 
of holes or •OH radicals on the catalyst surface is reduced 
since the active sites are covered by dye ions [83]. Another 
possible cause is the radiation screening effect at a high dye 
concentration since a signiϐicant amount of radiation may be 
absorbed by the dye molecules rather than the photocatalyst 
particles and then reduces the efϐiciency of the catalytic 
reaction [84].

Eff ect of surface area of a photocatalyst

The surface area of a solid catalyst is directly related to 
the concentration of active sites for adsorption and reaction. 
A large surface area can be a determining factor in certain 
photodegradation reactions since the adsorption of large 
amounts of substrate and oxygen promote the reaction 
rate. However, powders with high surface areas are usually 
associated with large amounts of crystal lattice defects, 
facilitating the recombination of the photo-generated electron
/hole pairs, and leading to poor photocatalytic activity 
[85]. It has been reported that the photocatalytic activity of 
amorphous Titania is negligible indicating that crystallinity 
is an important requirement. Therefore, a balance between 
surface area and crystallinity must be found in order to obtain 
the maximum photo activity [86]. 

Eff ect of initial pH of dye solution

The solution pH is an important variable in aqueous phase 
photocatalytic reactions. The pH of a solution inϐluences the 
adsorption and dissociation of the substrate, catalyst surface 
charge, oxidation potential of the valence band, and other 
physicochemical properties of the system [80]. In accordance 
with Nerst’s law, varying the solution pH would shift the 
energy of the valence and conduction band edges [13]. This 
results in the conduction band electron becoming more 
effective and the valence band holes less effective at higher 
pH. The pH affects signiϐicantly not only photocatalyst activity 
but also changes pollutant structure. For example, phenol can 
be charged positively or negatively under different pH ranges. 

The interaction and afϐinity between both photocatalyst and 
phenol will be varied with the solution pH. So, the pH of the 
aqueous solution is a key factor for photocatalytic reaction and 
can affect the adsorption of pollutants on the photocatalyst 
surface, an important step for photo-oxidation to take place 
[87]. The degradation rate of phenol decreased with the 
increase in pH. Moreover, a low degradation rate at higher pH 
is attributed to the fact that when the concentration of OH- ion 
is higher in the solution, it prevents the penetration of UV light 
to reach the catalyst surface. Furthermore, high pH favors the 
formation of carbonate ions which are effective scavengers of 
OH- ions and can reduce the degradation rate [84]. 

Synthesis methods of photocatalysts

Hydro - and solvo-thermal synthesis: Hydrothermal 
synthesis involves water as the solvent whereas solvothermal 
refers to the use of organic solvents. The choice of solvent 
is based on its ability to dissolve the organic linker. In both 
cases, the reactions take place inside a Teϐlon-lined stainless 
steel autoclave. Since it is a closed system, an autogenous 
pressure will be built up. The reaction mixture is normally 
heated at temperatures ranging from 80 to 220 oC, over a time 
of several hours to several days. Compared with microwave, 
electrochemical and mechanochemical techniques; the use of 
autoclaves is a slow method [88,89].

Co-precipitation method: A facile and convenient method 
to prepare nanoparticles is the chemical co-precipitation 
technique. Two or more soluble salt solutions are mixed in a 
deϐinite ratio and co-precipitated with a base solution under an 
inert atmosphere. Solutions of two or more water-soluble salts 
of metals are dissolved in water, mixed, and co-precipitated 
with alkali very slowly. At a simple level, precursors such 
as nitrates and carbonates can be used as starting materials 
instead of oxides: they decompose to the oxides on heating 
at relatively low temperatures, losing gaseous species, and 
leaving behind ϐine, more reactive powders [90]. An even 
more intimate mixture of starting materials can be made 
by the co-precipitation of solids. A stoichiometric mixture 
of soluble salts of the metal ions is dissolved and then 
precipitated as hydroxides, citrates, oxalates, or formats. This 
mixture is ϐiltered, washed, dried, and then heated to give the 
ϐinal product. An increase in the mixing rate decreased the 
size of the nano photocatalyst. It is a simple method that takes 
place at a lower temperature than hydrothermal or thermal 
decomposition. The solvent used is environmentally friendly 
and the yield is high [91].

Microwave synthesis

Microwave synthesis has lately been shown to have a big 
impact, is more environmentally friendly, and less energy is 
required compared to conventional heating for the synthesis 
of inorganic nanomaterials [92]. She and his coworker also 
suggest that microwave radiation has been employed in organic 
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and inorganic syntheses, oxidation/reduction reactions, and 
polymerizations [93]. Baek and his peer refer to the advantage 
of microwave radiation based on the high absorption of the GO 
compared to the solvent nanomaterials by soft chemistry [94]. 
This technique offers a more homogeneous heating process 
and can speed up the reaction rate by orders of magnitude. It 
can heat the reactant to a high temperature very quickly by 
transferring energy selectively to microwave absorbing polar 
solvents with a simultaneous increase in self-generated and 
metal oxide precursors. GO acts as the principal microwave 
absorber and can, therefore, be selectively heated, leading to 
the nucleation of the metal oxide onto its surface. 

Generally, the precursor solution was ultrasonicated and 
magnetically stirred over a period of time. Afterward, the 
slurry was placed in a microwave oven under cyclic microwave 
radiation for several cycles. Cyclic microwave radiation 
was employed in order to avoid bumping. The procedure 
continues with centrifugation and drying of the product. 
Other previous works that use microwave approaches 
include the preparation of Ag/GO nanocomposites [95] and 
Mn3O4/rGO nanocomposites [93].

Room temperature synthesis

In this method, the metal salt solution in a speciϐic solvent 
and the linker solution in the same/different solvent is 
prepared and mixed with stirring. The resultant solution is 
further stirred for longer hours on a magnetic stirrer and the 
product is separated by ϐiltration, washed several times with 
the solvent, and dried at room temperature [96].

Impregnation method

The catalyst support is the material, usually a solid 
with a high surface area, to which a catalyst is afϐixed. The 
activity of heterogeneous catalysts and nanomaterial-based 
catalysts occurs at the surface atoms. Consequently, great 
effort is made to maximize the surface area of a catalyst by 
distributing it over the support. The support may be inert or 
participate in the catalytic reactions. Typical supports include 
various kinds of carbon, alumina, silica, and organic polymer. 
In impregnation techniques, the support is contacted with a 
precursor solution, in other words, impregnation is related 
to ion exchange (adsorption processes) and the interaction 
with the support is dominant. Thus, low loadings, often for 
precious metals, are achieved by adsorption of the precursor 
molecules onto surface groups of the support (ion adsorption) 
or through the exchange of ions in, for example, zeolites (ion 
exchange), after which excess precursor is removed. When 
higher loadings are required, the washing step is skipped 
and the support is directly dried so that all precursor ends 
up on the support (impregnation and drying). Impregnation 
can be performed to incipient wetness, whereby the pores 
of the support are ϐilled with precursor solution, to prevent 
deposition on the external surface of the catalyst grains and 
to limit waste [97].

Characterization of photocatalysts

There are different techniques to characterize photo-
catalyst materials. The basic techniques are discussed below.

X-Ray Diff raction (XRD)

XRD is a non-destructive analytical technique that can 
be applied for the identiϐication of unknown specimens and 
for the determination of materials properties. It is the most 
important and beneϐicial technique in solid state chemistry 
and it has been applied for the ϐingerprint characterization 
of crystals and for the determination of their structures. 
This method requires an X-ray source (monochromatic or of 
variable wavelength), the sample which is under investigation, 
and a detector that takes the diffracted X-rays [98].

Thermogravimetric Analysis (TGA)

Thermal analysis is the measurement of chemical and 
physical properties of materials as a function of temperature 
and thermogravimetric analysis is one of the types of thermal 
analysis. Thermogravimetry is a method in order to measure 
the change in weight of a substance as a function of temperature 
or time and results are given as a continuous chart record. In 
this method, a few milligrams of the sample are weighed and 
heated at a constant rate in the range from 1 to 20 oC min-1. 
The sample has a constant weight until it starts to decompose 
at the initial temperature. Decomposition generally occurs 
over a range of temperatures, from the initial temperature to 
the ϐinal temperature and a second constant weight plateau 
is observed above the ϐinal temperature that corresponds 
to the ϐinal weight of the sample. Initial weight, ϐinal weight, 
and the difference between them are the basic properties of 
the sample and they are used for quantitative calculations of 
compositional changes. On the other hand, initial and ϐinal 
temperatures are based on the heating rate, the nature of the 
solid, and the atmosphere above the sample [99].

Scanning Electron Microscopy (SEM) 

SEM is a type of electron microscope that provides 
information about a sample’s surface topography, 
composition, and other surface properties such as electrical 
conductivity. In SEM, it is possible to observe and characterize 
the heterogeneous organic and inorganic materials on a 
nanometer (nm) to micrometer (μm) scale [98]. A three-
dimensional-like image of the surfaces of a very wide range of 
materials can be taken. The basic constituents of the SEM are 
the lens system, electron gun, electron collector, visual and 
photo-recording cathode ray tubes (CRTs), and associated 
electronics. In the scanning electron microscope technique, 
the electrons from a focused beam are rastered across the 
surface of the material. Then, electrons reϐlected by the surface 
of the sample and emitted secondary electrons are detected in 
order to give the surface topography of samples like catalysts, 
polymers, and crystals. It is a common method for examining 
particle size, magnetic domains, crystal morphology, and 
surface defects [100]. 
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N2 adsorption and BET analysis

Porous solids are classiϐied as microporous, mesoporous, 
and macroporous based on the size of their pores. Solids that 
have a pore size of 2 nm or below are known as microporous. 
The mesoporous solids are in the range of between 2 nm 
and 50 nm and above 50 nm and are known as macroporous 
(99 Negash Getachew, 2013). BET theory explains the 
adsorption of gas molecules on solid surfaces. It serves as 
the basis for the measurement of the speciϐic surface area of 
a material. The concept used in this theory is the multilayer 
adsorption of molecules. Gas adsorption is the technique 
used for total surface area measurements. Gas molecules are 
condensed onto the pores of the sample. Depending on the 
amount of gas adsorbed, the resultant sample pressure is 
recorded. From this, the surface area can be calculated [101].

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is a 
technique that is used to obtain an infrared spectrum of 
absorption or emission of solid, liquid, or gas. An FTIR 
spectrometer simultaneously collects high spectral resolution 
data over a wide spectral range. It is ideal for the identiϐication 
of functional groups present within a sample. FTIR was used 
to characterize the presence of speciϐic functional groups 
such as C = O, -NO2, C - N and C - F; just to name a few, are 
all associated with characteristic infrared absorptions in the 
materials. The presence of different functional groups in as-
synthesized nanomaterials was characterized by FTIR [102].

Photoluminescence (PL)

Spectroscopic and electroanalytical techniques are used
to evaluate the efϐiciency of charge separation and 
characterization of the heterostructure. PL spectra helped us 
to trace the fates of the photogenerated electron/hole pairs. 
For an effective photocatalytic reaction the photogenerated 
electron/hole pair should follow the ϐirst path, and thus, 
should not recombine. PL spectroscopy concerns monitoring 
the light emitted from atoms or molecules after they have 
absorbed photons [103]. It is suitable for materials that 
exhibit photoluminescence. PL spectroscopy is suitable for 
the characterization of both organic and inorganic materials 
of virtually any size, and the samples can be in solid, liquid, 
or gaseous forms. The sample’s PL emission properties 
are characterized by four parameters: intensity, emission 
wavelength, the bandwidth of the emission peak, and emission 
stability [104]. The emission intensity of the as-synthesized 
nanocomposites was characterized by PL.

Conclusion and future trends
Wide research on nanomaterials is ongoing in the ϐield 

of nano photocatalysts. Although many developments in 
nano photocatalytic materials occurred, still some important 
inquiries are required related to the characteristics of nano 
photocatalytic materials. The synthesis of signiϐicant structures 

such as nanorod, nanosphere, nanoϐlowers, nanoϐlakes, 
and nanocones with enhanced functional and structural 
properties could be opened an extensive area of study.
The synthesis of novel nano photocatalysts with excellent 
efϐiciency, inexpensive, eco-friendly, and high stability is 
crucially needed. 

The heterogeneous photocatalytic for wastewater 
remediation is inhibited by some main technical problems 
that need to be studied effectively. Finally, a signiϐicant photo-
catalytic treatment with better solar-driven, excellent efϐicacy, 
and fewer site area requirements can be comprehended in the 
future with fast assessment.

Heterogeneous photocatalysis has been proven to 
carry signiϐicant potential for the degradation of organic 
compounds, bacteria, and microorganisms, as well as the 
reduction of toxic metal ions present in water and wastewater. 
The environmentally friendly nature of this technique makes 
it a promising candidate for these applications. Furthermore, 
many photocatalytic materials have been studied on various 
potential contaminants in the past three decades, and some 
of them have been proven useful in visible light too. However, 
so far, this technique has mainly been studied in laboratories, 
and not appreciably implemented in industries. It is suggested 
that future studies should not only focus on the materials 
and other parameters, but also on the photocatalytic reactor 
design.

Semiconductor photocatalytic technology using either 
UV light or solar has become more prominent owing to its 
advantages of the use of vast organic/inorganic pollutants 
and its mineralization aspects. Different water hazardous 
contaminants, like pesticides, herbicides and detergents 
are effectively removed by this photocatalytic process. The 
applicability of the heterogeneous photocatalytic technology 
for water treatment is constrained by several key technical 
issues that need to be further investigated. 

In order to promote the feasibility of photocatalytic water 
treatment technology in the near future, several key technical 
constraints ranging from catalyst development to reactor 
design and process optimization have to be addressed. These 
include (i) catalyst improvement for a high photo-efϐiciency 
that can utilize wider solar spectra; (ii) catalyst immobilization 
strategy to provide a cost-effective solid-liquid separation; 
(iii) new integrated or coupling system for enhanced photo 
mineralization and (iv) effective design of photocatalytic 
reactor system optimized parameters.

Finally, a large-scale photocatalytic treatment process with 
high efϐicacy, solar-driven, and low site area requirements 
can be realized in the short future with a rapid evaluation of 
different possible pilot plant conϐigurations.
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