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ARTICLE INFO ABSTRACT

Keywords: Photocatalysis is widely researched in water and wastewater treatment processes owing to its unique capacity in
Immobilization the potential mineralization of organic pollutants. Suspended nanoparticles provide high specific surface area,
Photocatalysis but their practical application has been very limited due to drawbacks such as catalyst agglomeration during
_T_lil(r)f:ce engineering treatment and difficulty of catalyst reuse after treatment. It is therefore of paramount importance to immobilize
710 catalysts to realize continuous photocatalysis operations towards commercial scale, and surface engineering

provides an ideal strategy to overcome the problems associated with using suspended nanoparticles. Of different
semiconductors used for the photocatalytic degradation of organic pollutants, TiO is considered a benchmark
photocatalyst with ZnO as a potential alternative. Hence, the scope of this research is to review the application of
several surface engineering methods including physical vapor deposition, dip coating, spin coating, spray
coating, and electrophoretic deposition in the immobilization of TiO2 and ZnO. Overall, electrophoretic depo-
sition is considered very promising for the successful immobilization of photocatalysts, and sintering particularly
is recommended to improve the adhesion strength of the as-deposited films, expediting the practical applications

of photocatalysis through electrophoretic deposition.

1. Introduction

Because of the extensive information base and scientific knowledge,
wastewater treatment has begun to focus on the health issues regarding
toxic chemicals introduced into the environment [1]. Among the various
methods used for the removal of organic pollutants from water,
advanced oxidation processes (AOPs) have received attention since the
strong oxidants are capable of degrading recalcitrant organic pollutants
[2]. Notably, AOPs lead to the oxidation with mineralization of organic
pollutants using the production of reactive oxygen species (ROS)
including sulfate, hydroxyl, and superoxide radicals [3], where hydroxyl
radicals and sulfate radicals are the most powerful oxidizing radicals
used to remove the organic pollutants from water [4]. There are several
AOPs that can provide complete decomposition of different types of
pollutants [5]. AOPs are divided into ozone-based treatment,
ultraviolet-based treatment, advanced electrochemical oxidation
methods, photo-advanced oxidation methods, and catalytic advanced
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oxidation methods [4]. Photocatalysis is considered a specific type of
chemical transformations and takes the advantage of the energy pro-
vided by light [6]. Photocatalysis technology has been widely used for
the degradation of various organic pollutants, in addition, it has been
applied in other fields, e.g. disinfection, Hy production, CO5 reduction,
and air purification [7].

Different semiconductors such as tin oxide [8], iron oxide [9], zinc
ferrite [10,11], zinc stannate [12,13], graphitic carbon nitride [14,15],
titanium dioxide [16,17], and zinc oxide [18,19] have been used for
photocatalysis. Noteworthy, development in the synthesis of TiO;
nanoparticles has initiated its application in various fields like water
splitting, CO, reduction, food, water purification, air pollution mitiga-
tion, and surface disinfection, due to the features of TiOy including
self-cleaning properties, eco-friendliness, and inert and stable nature
[20]. In addition, TiO3 has been used for Hy production, anti-fogging
surfaces, anticorrosion applications, photovoltaic cells, and photochro-
mism [21]. Generally, TiO, can take advantages of its low cost,
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Fig. 1. Classification of surface coating methods. Reproduced with permission from Ref. [40] Copyright 2021 Springer Nature. The rights of this figure are owned by

a third party.

outstanding electronic and optical properties, environmental friendli-
ness, high photocatalytic performance, non-toxicity, and high chemical
stability [22]; and is considered the most common material used for
photocatalytic applications [21]. Hence, various methods have been
used to produce titania nanoparticles with numerous morphologies such
as nanorods, dendrites, nanodots, hollow spheres, nanobelts, anodic
grids, nanoflowers, and 2D nanosheets [20]. Notably, TiO has three
main crystal structures including rutile, anatase, and brookite with
different stabilities [23].

With its advantages including high chemical stability, facile prepa-
ration, great oxidation capacity, low toxicity, and tunable size, n-type
ZnO is promising for the photocatalytic decomposition of organic pol-
lutants [24]. Noteworthy, ZnO is considered a potential alternative to
TiOg, where its band gap energy is close to that of TiO2 [18], however,
its photo-absorption ability is greater than TiO, over a large portion of
the solar spectrum [25]. Besides, it has exhibited higher photocatalytic
performance than TiO; in some cases [26] and could take advantages of
its comparatively lower manufacturing costs and higher lifetime and
mobility of electrons [27]. In addition to photocatalytic applications,
ZnO has been used in transducers, transparent ohmic contacts, trans-
parent thin-film transistors, and optical devices [28].

Overall, due to their low cost and the possibility of generation of
holes with high oxidizing power, both TiO3 and ZnO could be considered
ideal photocatalysts [27]. Despite the extensive efforts and enduring
interest, photocatalysis technology suffers from the limitation to labo-
ratory settings [6]. Suspended nanoparticles can provide high specific
surface area, but with several drawbacks in the photocatalytic systems.
For instance, the separation of nanoparticles after the wastewater
treatment is required while it is expensive or toxic when discharged to
the natural environment [29]. Moreover, the penetration depth of light
could be restricted [29]. Furthermore, particle agglomeration can
quickly reduce the effective surface area of the photocatalysts, leading to
a rapid loss in photocatalytic performance [30]. In addition to photo-
activity, it has been suggested that particle agglomeration can influence
the light absorption as well [31]. Therefore, the immobilization of
photocatalysts is considered an important strategy to overcome the
drawbacks of suspended photocatalysis and facilitate the real-world
applications of photocatalysis technology. Hence, up to now, various
methods have been used to produce or modify the photocatalytic films
and coatings comprising TiOg or ZnO [32-39]. There are different sur-
face engineering techniques including chemical vapor deposition,
physical vapor deposition, electroplating, sol-gel, ion beam-assisted

deposition, electroless plating, thermal spraying, and laser surface en-
gineering [40,41]. In general, as shown in Fig. 1, surface coating
methods could be divided into three different groups of gaseous state,
solution state, and molten/semi-molten state [40].

The applications of suspended TiO3 and ZnO particles/nanoparticles
in photocatalysis has been widely studied in the literature due the ease
of using powders and their advantages such as high specific surface area.
However, their practical applications are restricted due to some disad-
vantages, encouraging the vital role of surface engineering and coatings
in photocatalysis technology. Notably, the application of thermal
spraying and anodizing, as industrial surface engineering methods, in
the fabrication of photocatalytic TiO5 and ZnO coatings was studied in
our previous work [26]. Hence, the application of some other surface
engineering methods including physical vapor deposition (PVD)
methods, dip coating, spin coating, spray coating/pyrolysis, and elec-
trophoretic deposition (EPD) in the fabrication of TiO3 and ZnO films for
photocatalytic purposes is studied in this research to address the gap
between laboratory experiments and practical applications of
photocatalysis.

2. Characteristics of surface coatings

Surface engineering is the process of improving the surface proper-
ties of a material [42]. Usually, surface engineering methods constitute
either compositional changes or microstructural modification or both
[43]. Notably, thin films are layers of materials with thicknesses ranging
from <1 nm to several pm [44], whereas thick films are layers with
thicknesses typically ranging from 0.1 pm to 100 pm [45]. In order to
evaluate the quality of coatings, several aspects including surface
roughness, coating uniformity, volume porosity (pore size and pore
distribution), thickness, and adhesion strength are important which are
discussed in the following section.

2.1. Uniformity and surface roughness

The coating uniformity can be described by the consideration of
different factors, and is generally given as a range which is not a precise
value and is dependent of the number of data points [46]. Surface
roughness is among important factors used to clarify the quality of
post-manufacturing product [47]. Usually, five descriptors are used for
the evaluation of the surface roughness of coatings that include R
(distance between the highest peak and the lowest valley), R, (distance
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between the averages of five lowest valleys and the five highest peaks),
Ry (distance between the lowest valley and the mean line), Ry, (distance
between the mean line and the averages of five highest peaks), and R,
(distance between the mean line and the highest peak). It is noteworthy
that Ry, and R, are more reproducible [48].

2.2. Volume porosity

Volume porosity is another factor that can affect the photocatalytic
activity [18]. Notably, development of nanostructured materials (to
achieve large surface areas) and extension of porosity are popular ap-
proaches for improving the photocatalytic activity [49]. The creation of
a large pore volume could facilitate the transport of products and re-
actants during photocatalytic process [50]. Moreover, it can increase the
depth of light penetration into the photocatalytic material [51,52]. It
has been stated that wide pore size distribution and large pore size could
result in a higher photocatalytic activity [53].

2.3. Thickness

The effect of thickness on the photocatalytic activity of oxide semi-
conductor films has been researched. It has been suggested that increase
of the thickness of the semiconductor films might remarkably improve
the photocatalytic efficiency [54-59]. For instance, Xianyu et al. [59]
have shown the higher photocatalytic activity of TiO» films (3.7 times)
with 670 nm-thickness compared to that with 70 nm-thickness. In
another research, Rivera et al. [55] evaluated the effect of thickness (50
nm-400 nm) on the photocatalytic activity of zinc oxide thin films
deposited by RF magnetron sputtering where zinc oxide film with the
thickness of 400 nm showed the highest photocatalytic activity for
degradation of methylene blue. Notably, that apparent rate constant (k)
of photodegradation of methylene blue significantly improved from
0.1444 h™! t0 0.6308 h™! by an increase in the thickness from 50 nm to
400 nm. The higher photocatalytic activity of thicker coatings could be
attributed to the greater amount of photo-generated e /h™ pairs trans-
ferred from interior region to the surface of photocatalytic film [59].
However, it should be noted that thickness of coatings needs to be
optimized since ultra-thick structures could suppress the photocatalytic
performance [60,61].

2.4. Adhesion strength

Coating adhesion is very critical for many applications. Thus, several
methods have been expanded to evaluate adhesion such as crosshatch
and pill test [62], scratching the surface of coating [63], indenting the
surface of coating [63], and pull-off method [64]. In general, the
adhesion of coating to the substrate can be studied quantitatively or
qualitatively that depends on the test method [63]. There are several
factors that affect the coating adhesion strength which are mainly
determined by the interfacial phenomena between the substrate and the
coating. Moreover, microstructure properties (including residual
stresses) could affect the coating adhesion [65]. Overall, the higher is
the tensile residual stress within the coating, the lower is the adhesion of
the coating [65,66]. In addition, the compressive stress within the
coating could remarkably increase the coating adhesion [66]. Notably, it
has been shown that presence of a controlled/optimized residual stress
gradient in multilayer thin films could beneficially affect the adhesion of
coatings [67]. Using high temperatures during the deposition process
could accelerate diffusion at the interface of coating and substrate,
leading to intermixing of the materials [65]. It is noteworthy that
although photocatalytic coatings are not generally used in harsh con-
ditions (under load and wear), using deposition methods which could
provide higher adhesion strengths are preferred.
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3. Vapor deposition methods
3.1. Physical vapor deposition

Physical vapor deposition is a common method used for the fabri-
cation of coatings and could be easily combined with various methods to
produce superior properties [68]. Besides, it has found numerous in-
dustrial applications [68]. PVD is an atomistic deposition process where
vaporization of the solid or liquid source of the coating material leads to
the formation of atoms/molecules in the vapor phase. Then, this vapor is
transported to the surface of substrate through a vacuum or low pressure
gaseous environment [69-71]. The vacuum environment could increase
the mean free pass for collision between the substrate and vapor phase
[72]. Finally, the complex condensation of vapor phase, using nucle-
ation and growth processes, results in the formation of the coating. It is
worth mentioning that PVD is a line of sight method [73]. Overall, this
process involves four steps as follows [74]:

i. Evaporation of the coating material using a high energy source,
ii. Transport of the vapor to the surface of substrate,
iii. Reaction between the atoms and the reactive gas (during the last
step), and
iv. Deposition of the film.

The individual steps could be responsible for stability and crystal-
linity of the deposited film [75]. This process can be used for deposition
of elements, alloys, and compounds (by reactive deposition processes)
[69]. The strong chemical bonding, which depends on the type of
interface, could be responsible for high adhesion strength of coatings
created by physical vapor deposition [65]. The way in which the energy
is provided has resulted in the development of different deposition
methods including sputtering, thermal evaporation, ion beam deposi-
tion, electron beam deposition, and pulsed laser deposition (PLD) [70]
some of which are discussed in the following sections.

3.1.1. Thermal evaporation

Conventionally, thermal evaporation process is called vacuum
deposition [76] and is specifically applicable for low melting point
materials [77]. Thermal evaporation is considered a well-known method
for producing a thin film where the source material is evaporated in a
vacuum, facilitating the transfer of the vapor phase to a substrate where
it is changed to a solid state again [77]. In the simplest case, an elec-
trically heated tungsten wire around the source material can be used for
thermal evaporation of elemental sources or compounds, e.g. metalli-
zation of silver or gold for electrical contacts [78]. Notably, thermal
evaporation of metals with low to moderate deposition rates (10-100
nm min’l) is considered one of the traditional PVD techniques that re-
lies on the sublimation of the material onto a substrate (in vacuum) [79].
Resistive heating is the most common method used for evaporation of
the material source (resistively heated boats or filaments are generally
used for evaporation of the source material) [76]. Notably, graphite,
zirconia, beryllia, alumina, quartz, and boron-nitride crucibles are
indirectly heated [76]. A large direct current is applied to the resistive
boat/coil to get the high melting points required for metals, and a high
vacuum (<10™* Pa) supports the evaporation process and further
transferring the vapor phase to the substrate [77]. Compounds could
also be evaporated, but the process is more complex since their com-
ponents are usually evaporated at different rates, requiring additional
considerations [78]. One of the most important advantages of thermal
vacuum evaporation, compared with spin coating, is the capability of
fabrication of multi-layered films where the thickness of each layer
could be easily adjusted [80].

Electron beam deposition is generally used for deposition of mate-
rials with high melting points, such as refractory metals, since they
cannot be easily evaporated by the resistive heating [76]. Thus, it has
been widely used for deposition of oxide semiconductors like TiO»
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Fig. 2. SEM micrographs of the cross section of TiO, thin films deposited by
electron-beam evaporation. Reproduced with permission from Ref. [89]
Copyright 2016 Elsevier.

[81-84] and ZnO [85-87]. Duyar et al. [84] employed reactive electron
beam evaporation for deposition of TiOs films, with thickness of 500 nm,
using Ti3Os as the starting material. The root mean square (RMS)
roughness of the deposited films was in the range of 1.88-15.35 nm.
They concluded that rougher surfaces could be formed with the increase
of film thickness. Taherniya et al. [81] evaluated the effect of post
annealing at 300, 450, and 600 °C, for 2 h, on the development of
nanostructured anatase TiOy thin films prepared by electron-beam
evaporation technique (with the thickness of 500 nm). Notably, the
substrate temperature was kept at 150 °C during the deposition process.
It has been shown that the as-deposited TiO, thin films were amorphous
in structure. Although the crystallization of anatase phase was observed
by post annealing at T = 450 °C, the complete crystallization was
observed at T = 600 °C. It is worth mentioning that increasing the
annealing temperature from 450 °C to 600 °C resulted in the increase of
mean gain size from 12 nm to 24 nm. Besides, the porosity (i.e. the
volume of pores per volume of coating) of titania films decreased from
40.68 % to 25.57 % by an increase in the annealing temperature from
450 °C to 600 °C. It is while the optical band gap energies did not change
significantly. It should be noted that improvement of the structural
properties of TiOy coatings generated by electron-beam evaporation
followed by a post annealing heat treatment has also been reported by
other researchers [88,89]. It has been stated that the deposited titania
films using electron-beam evaporation are generally amorphous or
consisted a mixture of amorphous and crystallite phases (mainly
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anatase) [88]. In general, anatase phase is the main crystalline phase
formed by electron-beam evaporation (after post annealing heat treat-
ment) as it has been reported by several researchers [89-93]. The SEM
micrographs of the cross section of amorphous and crystalline (anatase)
TiO; thin films deposited by electron-beam evaporation are shown in
Fig. 2.

Notably, the faceted crystals were clear in the case of anatase TiO;
thin film (with the grain size of around 100 nm at the surface). Thus,
crystallization of TiOg thin films could result in the formation of a
rougher surface compared with its amorphous structures [89]. Notably,
anatase TiOs thin film deposited by electron-beam evaporation showed
photocatalytic activity and superhydrophilic properties, whereas the
amorphous one has showed neither photocatalytic activity nor super-
hydrophilic properties [89].

The same as TiOs, the structural properties of ZnO coatings deposited
by electron-beam evaporation could be improved using a post annealing
heat treatment [94-96]. Although both zinc oxide films annealed at
400 °C and 600 °C were polycrystalline in nature, the one annealed at
600 °C showed better crystallinity and quality. However, using higher
annealing temperature has resulted in the increase of the grain size [96].
Al Asmar et al. [95] also observed the same trend using a post annealing
treatment at 550 and 750 °C temperatures (as-deposited ZnO thin film
and ZnO thin films after post annealing process showed similar optical
band gap energies, approximately). Increasing the substrate tempera-
ture, during electron-beam evaporation process, could increase both
crystallinity and grain size of the deposited films. Notably, it has
improved the transmittance of Al-doped ZnO electron-beam evaporated
films which has been attributed to the higher crystallinity of the films
fabricated at higher temperatures of the substrate [97]. On the down-
side, is has been shown that the quality of the electron-beam evaporated
films depends on the type of substrate as the silicon (100) substrate
resulted in a higher quality than glass substrate [96]. The dependency of
the quality of ZnO thin films, produced by electron-beam evaporation,
on the type of substrate or its temperature has also been reported by
other researchers. Giri et al. [87] synthesized nanostructured ZnO thin
films on glass substrates, alumina, and silicon substrates at different
substrate temperatures using electron-beam evaporation method where
ZnO thin films on silicon substrates at the temperature of 250 °C resulted
in the highest quality. It is worth noting that the columnar growth along
the c-axis was considered as the most favored orientation. A clear (002)
orientation was observed for ZnO thin films created on glass and silicon
substrates, signifying the columnar growth along the c-axis, whereas
only a low intensity peak corresponding to (101) orientation was
observed for ZnO thin films deposited on alumina substrate [87].
Overall, reactive electron-beam evaporation could be used as an effi-
cient method for deposition of highly c-axis oriented ZnO thin films as it
has been reported by several researchers [97-101]. The presence of
oxygen (at the interstitial cites) is necessary for the formation of c-axis
oriented ZnO thin films, and Gupta et al. [102] observed highly c-axis
oriented ZnO thin films fabricated by sputtering unlike those produced
by electron-beam evaporation. Increasing the thickness of films resulted
in the formation of ZnO nanorods-like structures oriented normal to the
substrate (with 50-100 nm diameter), whereas increasing the substrate
temperature (at a constant thickness) led to the formation of crystalline
morphology with granular structure (grain size of around 100 nm). It is
notable that increasing the substrate temperature and thickness of
coatings decreased the photoluminescence intensity [87] improving the
photocatalytic activity of the films. On the downside, increasing the
substrate temperature could decrease the deposition rate due to the
probable decrease of attachment/adhesion of evaporated particles to the
substrate as reported by Sahu et al. [97] for Al-doped ZnO (AZO) thin
films fabricated by electron-beam evaporation. Another major drawback
is that increasing the substrate temperature could result in the desorp-
tion of some species such as oxygen, changing the stoichiometry ratio
between O and Zn, and deteriorate the crystallinity of the fabricated thin
film, consequently [97]. Noteworthy, using post annealing treatment at
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Fig. 3. Schematic illustration of a PLD system used to deposit ZnO film on porous silicon substrate. Reproduced with permission from Ref. [123] Copyright 2023

Springer Nature. The rights of this figure are owned by a third party.

high temperatures could lead to the conversion of the surface
morphology of ZnO thin films from columnar grains to relatively flat
surfaces (in addition to the increased grain size). Moreover, it can reduce
the surface roughness of the photocatalytic thin films [96]. It is worth
mentioning that increasing the substrate temperature, during the
electron-beam evaporation process, could also decrease the surface
roughness and provide smother films which can be attributed to the
increased energy of the ejected particles [97]. Substrate temperature
could significantly affect the diffusion and hopping distance and there-
fore, the adatoms could be cooled down slower and their diffusion
length becomes larger by increasing the substrate temperature, leading
to the formation of smoother thin films, finally [97]. Overall, it can be
concluded that the morphology (surface roughness, width, and height of
nano-columnar structures), photo-absorption ability, and grain size of
the deposited thin films using electron-beam evaporation remarkably
depends on the thickness of film, type of the substrate and its temper-
ature. Falcao et al. [103] used two different processes including plasma
deposition (PD) and electron-beam evaporation with plasma assistance
(EBPA), in an argon atmosphere, for fabrication of ZnO thin films.
Plasma has been used for sublimation of the source material offering
several advantages such as economical/efficient usage of the raw ma-
terial, large area deposition, low ion damage, and low temperature
deposition. Although the refraction index of ZnO film fabricated by
plasma deposition was 2.07 which is close to that of pore-free wurtzite
(i.e. 2.0), signifying the good quality of the film, electron-beam evapo-
ration resulted in the fabrication of ZnO film with a smaller index of
refraction (i.e. 1.87) compared with that of pore-free wurtzite clarifying
the less dense nature of ZnO thin film produced by EBPA than that
deposited by PD. Notably, both EBPA and PD methods led to the fabri-
cation of strongly c-axis oriented ZnO thin films which has been
attributed to the low temperature of substrate favoring the growth of
(002) planes owing to their low surface energy. However, the band gap
energy of ZnO film produced by PD (i.e. 3.10 eV) was narrower than that

of fabricated by EBPA (i.e. 3.15 eV). It can be attributed to the larger
density of defects in PD films which was confirmed by the higher carrier
concentration of PD film than EBPA film (carrier concentration of
undoped ZnO films could be controlled by defects including interstitial
Zn ions and/or oxygen vacancies). On the downside, EBPA film showed
much higher mobility than PD film, ca. 2.2 times, which has been
attributed to the much higher carrier concentration of PD film.

3.1.2. Sputtering

The deposition of particles vaporized from a target using physical
sputtering is called sputter deposition [69]. In physical sputtering, the
surface atoms of the target material are ejected physically by the transfer
of momentum from an energetic bombarding particle (atomic-sized)
which is generally a gaseous ion (accelerated from a plasma) [69].
Magnetron sputtering is considered the most common process to grow
thin films where positively charged ions bombard the target in the
plasma of a magnetically enhanced glow discharge [104]. Generally, a
radiofrequency (RF) source or a DC source are used for the generation of
plasma [105]. Owing to its several advantages, magnetron sputtering is
considered a leading coating technology to produce functional films
[106]. Unlike DC excitation which can be applied only to conductive
targets, RF excitation can be applied to either nonconductive or
conductive targets [105]. Ion beam sputtering is another approach in
which an ion source is used for generation of a focused ion beam on the
target material. To assist the deposition by bombarding the growing
film, a second ion gun can be used to improve density, adhesion, and
control of the stoichiometry. Bombardment using a low-energy reactive
ion beam could enhance the rate of compound formation [107]. The
advantage of plasma and ion beam sputtering is the potential control of
the contamination using a high pumping speed and a good vacuum, but
ion beam sputtering could suffer from its relatively high cost [108].
Magnetron sputtering takes advantages of a magnetic field around the
target material to energize bombarding atoms. Such a magnetic field
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Table 1

Application of PLD for the deposition of photocatalytic TiO» and ZnO films.
Photocatalytic film Thickness Pollutant (concentration) Source of light Efficiency Reference
Anatase TiOy ~10-20 nm Methyl orange (NA) uv 48 % (t = 5 h)** [128]
Rutile TiO, 100 nm Methylene blue (1 mg LY uv 16 % (t = 2.5 h)* [129]
Anatase TiO» 60 nm Methylene blue (1 mg L™1) uv 22 % (t = 2.5 h)* [129]
Rutile TiO, 160 nm Methylene blue (1 mg L uv 26 % (t = 2.5 h)* [129]
Anatase TiO, 150 nm Methylene blue (1 mg LY uv 39 % (t = 2.5 h)* [129]
Rutile TiO, ~10-20 nm Methyl orange (NA) uv 73 % (t =5 h)** [128]
N-doped TiO» NA Methyl orange (2 mg L B Visible 100 % (t = 4 h)** [130]
ZnO NA Rhodamine B (0.1 % - mass to volume) Sunlight 90 % (t = 6 h)** [131]
ZnO (grown on c-plane sapphire) ~270 nm Rhodamine B (~10 mg LH Xe lamp (full arc) 74 % (t = 1 h)** [132]
ZnO (grown on a-plane sapphire) ~270 nm Rhodamine B (~10 mg L 1) Xe lamp (full arc) 57 % (t =1 h)** [132]

Note: * (Contribution of degradation and adsorption) - ** (Contribution of degradation).

could trap electros around the target improving plasma. It leads to the
higher ionization of bombarding atoms, therefore, the bombarding rate
and the deposition rate increase [109]. Compared with non-magnetron
sputtering, magnetron sputtering could remarkably increase the depo-
sition rate from 0.1 nm min~! to 20 nm min ! [110]. Unlike TiO4 films
produced by electron-bean evaporation, the rutile phase is generally
observed in the films provided by magnetron sputtering [88]. Refractive
index is defined as the ratio of the speed of light in air or vacuum to that
in a transparent material [111]. Preparation conditions affect the
refractive index of films and coatings since it could be dependent on the
crystal structure, the faction of voids (and/or mass density), the relative
values of grains and/or crystallite size, and the surface roughness, e.g.
Yao et al. [88] showed that the refractive indices of TiO5 films deposited
by electron-beam evaporation and reactive magnetron sputtering pro-
cesses were 2.30 and 2.50, respectively. Notably, on the condition of
similar operating conditions, using sputtering method instead of
electron-beam evaporation process could not significantly affect the
optical bend gap energy, surface texture, and surface roughness of the
films as reported by Al Asmar et al. [95] Reactive sputtering is consid-
ered another form of sputter deposition. In such a process, a reactive gas
(such as nitrogen or oxygen) is mixed with the sputtering agent (such as
argon gas) to form special compounds [112,113]. Reactive magnetron
sputtering has been widely used for the deposition of oxide films
including TiO [114,115] and ZnO [116,117].

Evaporation and sputtering are the most common PVD processes
[71]. PVD processes can be used for the deposition of thin and thick films
with the thickness ranging from a few to thousands of nm [118].
Notably, sputtering processes could result in denser and more com-
pacted films than those prepared by evaporation processes (due to the
incident momentum) [105]. Besides, the low temperature of target
could provide the possibility of deposition of oxide semiconductors
which could be decomposed at high temperatures (as encountered in
evaporation processes) [105]. Moreover, sputtering process is more
versatile than evaporation methods. Thus, it has been widely used for
industrial applications (since plasma sources and targets can be con-
structed in different shapes for various configurations) [105].

3.1.3. Pulsed laser deposition

Pulsed laser deposition or laser ablation is among PVD processes
(performed in a vacuum system) that shares some process characteristics
with sputtering and some with molecular beam epitaxy [119]. In this
process, an intense laser beam (such as Nd-YAG, UV, excimer, and
Ti-Sapphire) at different pulse rates, from near-continuous to femto-
second, is focused on the target to evaporate, ablate, and/or exfoliate the
material [120,121]. The extremely short pulse duration (picosecond and
femtosecond regime) could reduce/prevent thermal damage. Besides, it
can lower threshold fluences of ablation (unlike conventional nano-
second regime) [120]. Stoichiometry of the deposited films mainly de-
pends on some operational parameters such as distance of the target to
the substrate and laser fluence (apart from the chemical composition of
the target) [122]. To provide high density of laser energy, tiny amount of

the target material is ablated resulting in a plasma plume containing
different energetic species such as molecules, ions, particles, atoms,
molten globules, clusters, and electrons [119,121]. Schematic illustra-
tion of a PLD system to fabricate ZnO film on porous silicon substrate is
shown in Fig. 3.

The growth of layer mainly depends on condensing plasma fluxes
(particle energy, density, degree of ionization, and spatial distribution)
and the substrate properties (activation energy of surface desorption,
density of adsorption sites, and temperature) [119]. PLD can be used for
deposition of high-quality/high-purity single-component and
multi-component thin films [124-126]. Moreover, it can be used for
deposition of single-layer or multi-layered films for both
single-component and multi-component materials [127]. Generally, this
method is more favorable than sputtering for stoichiometric deposition
of complex compounds [105]. Owing to its unique properties, PLD has
been widely used for the fabrication of TiO; and ZnO coatings for
photocatalytic purposes, as provided in Table 1.

Yamaki et al. [133] deposited epitaxial TiO5 thin films on (0001)
sapphire substrates for the photocatalytic degradation of methylene
blue. The deposited films were mainly composed of rutile phase (with
small amount of anatase phase). It has been shown that using lower laser
fluence not only could increase the ratio of anatase to rutile phases, but
also could fabricate rougher surfaces consisting of coarse grains. Thus,
the TiO3 thin film deposited using the laser fluence of 50 mJ showed the
highest photocatalytic activity than those deposited using laser fluences
of 100, 150, and 200 mJ. It is worth mentioning that the substrate
material can affect the growth mechanism of TiO thin films deposited
by PVD processes [134]. Notably, SrTiOs (001) or LaAlOs (001) sub-
strates have been extensively used for the deposition of anatase TiOq
(001) epitaxial thin films in pulsed laser deposition [135-138], whereas
some other substrates (such as Al;03) have been generally used for the
deposition of rutile TiO2 (011) epitaxial thin films [139]. It is also
possible to deposit pure anatase and rutile phases on a specified sub-
strate (such as Al,O3) by changing only the annealing and growth con-
ditions [140,141]. In PLD method, the ratio of anatase to rutile could
depend on the pressure of system [142], substrate temperature, and
laser repetition rate/frequency [143]. Inoue et al. [143] showed that
although anatase phase could be formed at low temperatures (i.e. 150
°C), regardless of the repetition rate, increasing the repetition rate could
induce the formation of anatase phase at high temperatures (i.e. 300 °C).
They suggested that PLD could be advantageous for deposition of high
quality TiO thin films using specific control of time-dependent tem-
perature. Substrate temperature could also affect the type of growth
(random or oriented). Although Zhao et al. [144] observed the stability
of anatase phase by increasing the substrate temperature from 500 °C to
800 °C, the anatase structure changed from random-growth to
oriented-growth after 600 °C. Notably, the random structure of anatase
phase, deposited at 600 °C, showed higher photocatalytic activity than
its (211)-oriented structure (deposited at 800 °C) which could be
attributed to the lower band gap energy and smaller average nanometer
particle size at lower substrate temperatures. Luttrell et al. [128]
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Fig. 4. Effect of substrate temperature on the average grain size and surface

roughness RSM of ZnO thin films deposited by PLD. Reproduced with permis-
sion from Ref. [147] Copyright 2007 Elsevier.

synthesized anatase and rutile TiO5 epitaxial thin films on LaAlO3 and
Al,O3 substrates, respectively, to compare the photocatalytic activity of
pure anatase and rutile phases where, the as-grown anatase films were
approximately twice as active as the rutile films for the photocatalytic
degradation of methyl orange under UV illumination. To evaluate the
effect of temperature and pressure on the topography (surface rough-
ness) of thin films deposited by PLD, Lin et al. [142] deposited TiO, at
two different temperatures of 873 K and 1073 K and at two different
pressures of 33 Pa and 100 Pa. RSM roughness values for TiO; thin films
deposited at different conditions of T = 873 Kand P = 33 Pa, T = 873 K
and P =100 Pa, T=1073 Kand P =33 Pa, and T = 1073 Kand P = 100
Pa were 8.4, 11.2, 47.2, and 50.6 nm, respectively. As it can be seen,
unlike pressure, deposition temperature could significantly affect the
surface roughness of TiO, films deposited by PLD method. In another
research, Hu et al. [130] deposited N-doped TiO, by pulsed laser
deposition for the photocatalytic degradation of methyl orange under
visible-light irradiation. Although they showed that anatase N-doped
TiOg could be fabricated at both room temperature and higher tem-
peratures (200 °C and 400 °C), the deposited films at higher tempera-
tures showed a significantly higher photocatalytic activity which has
been attributed to the higher crystallinity (accompanied by increasing
the grain size), surface roughness, and visible-light absorption of the
deposited thin films at higher temperatures. Overall, the photocatalytic
activity of titania films deposited by PLD is dependent on the substrate
properties including its temperature.

PLD has also been used to deposit ZnO films. Mosnier et al. [145]
deposited ZnO film (thickness = 2 pm) on a soda lime glass substrate at
room temperature. The as-deposited film was highly textured with the
orientation of wurtzite (0002), c-axis perpendicular to the surface of

Table 2
Advantages and disadvantages of PVD processes.
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ZnO film, with the RMS roughness of 49.7 nm. Yudasari et al. [131]
deposited wurtzite ZnO thin films on glass substrates at room temper-
ature for the photocatalytic degradation of Rhodamine B under sunlight
irradiation. The nanostructured ZnO thin film showed preferred orien-
tation along (100), (002), and (101). Fabrication of wurtzite ZnO films
with different orientations (despite of using glass substrates at room
temperature in both cases) [131,145] clarifies dependency of ZnO films
on deposition conditions which is consistent with the results achieved by
TiOs films (as discussed previously). He et al. [146] evaluated the effect
of substrate temperature on the quality of ZnO films on Si substrates
deposited by PLD. It has been shown that increasing the substrate
temperature, up to 600 °C, could improve the crystallinity of the
deposited films. Besides, more uniform textured ZnO films (i.e. grains
with c-axes perpendicular to the surface of substrate) were formed at
higher temperatures (up to 600 °C). Zhao et al. [147] evaluated the
effect of substrate temperature on ZnO thin films deposited on sapphire
substrates, where all wurtzite ZnO films were highly textured (c-axi-
s-oriented). Effect of substrate temperature on the average size and the
surface roughness of ZnO thin films deposited on sapphire substrates are
shown in Fig. 4.

As shown, increasing the substrate temperature enhanced both
average grain size and surface roughness RSM though at varying degrees
[147]. It is obvious that the effect of substrate temperature on the sur-
face roughness was more than that on the grain size. Abdell-Fattah et al.
[148] evaluated the effect of both substrate temperature and laser flu-
ence effects on the quality of nanostructured ZnO this films deposited on
glass substrates by PLD. Irrespective of the laser fluence, polycrystalline
wurtzite ZnO thin films were deposited at low temperatures (25 °C).
Whereas, increasing the substrate temperature led to the formation of
textured ZnO thin films (c-axis orientation) through acceleration of the
diffusion of Zn and O atoms to more favorable positions (energetically).
It is worth mentioning that increasing the substrate temperature
increased the crystallites size of ZnO thin films, whereas increasing the
laser fluence decreased the crystallite size. However, it has been shown
that increasing the substrate temperature significantly improved the
quality of ZnO thin films, while, increasing the laser fluence slightly
affected the quality of films [148], clarifying the crucial effect of sub-
strate temperature on the quality of ZnO thin films. Notably, unlike laser
fluence, increasing the substrate temperature from 25 °C to 300 °C did
not significantly affect the RMS roughness. It is also worth mentioning
that decreasing the laser fluence from 4 J cm 2 to 2.37 J cm 2
remarkably increased the RMS roughness from 0.4 nm to 0.7 nm [148].
Li et al. [132] demonstrated the key role of surface roughness and
photo-absorption ability in the photocatalytic activity by deposition of
oriented (002) ZnO thin films on a-face and c-face sapphire (using PLD).
Although ZnO thin film deposited on a-face sapphire (i.e. ZnO(a))
showed a higher crystallinity than that deposited on c-face sapphire (i.e.
Zn0(c)), ZnO(c) showed a higher photocatalytic activity which could be
related to the significantly higher surface roughness of ZnO(c) at 8.6 nm

Advantages [74,118,157]

a) All inorganic and some organic materials can be used as coating materials.

b) Both multi-layered and mono-layered coatings could be deposited using this method.
c) It can be used for deposition of graded composition coatings.

d) Thick films could be obtained using this method.

e) Continuous variation of the characteristics of coating could be provided.

f) It has adaptability and flexibility to market demands.

g) It is known as an environmentally-friendly process.

Disadvantages [74,158]

a) It cannot be easily used for complex shapes.
b) It has a high process cost.

¢) It suffers from low output.

d) It generates smoother surfaces compared with some other surface engineering processes.

e) It is considered a complex process.
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Fig. 5. Sequential stages of dip coating procedure. Reproduced with permission from Ref. [172] Copyright 2022 Springer Nature. The rights of this figure are owned

by a third party.

than ZnO(a) at 1.1 nm, and its higher photo-absorption ability. Overall,
PLD can take advantages of several features including high adhesion,
absence of pores and contamination, fast response, using various forms
of the target material (single crystal, powder, and sintered pellets) en-
ergetic evaporation, stoichiometric transfer of target material to the
substrate (congruent evaporation), capability of using both reactive and
inert gas deposition (flexibility), capability of using different kinds of
substrates, and a wide range of operational temperature and pressure
[76,142,149-151]. Although the absence of pores is an important
advantage in some applications such as wear-resistant coatings [152,
153], the presence of pores (up to an optimum amount) could improve
photocatalytic activity by increasing surface area. On the downside, PLD
has from some drawbacks such as relatively high cost that is mainly
attributed to the lasers (specially for picosecond and femtosecond pulsed
lasers) which has made it far away from widespread use in industri-
al/laboratorial applications [154]. In addition, it suffers from the
non-uniformity of coatings and the formation of micrometer-sized par-
ticles during the deposition process (which cannot be eliminated
completely) [155]. Reduction of the energy density of pulsed laser could
reduce or eliminate the formation of micrometer-sized particles, how-
ever, it lowers the deposition rate [156]. Notably, using hybrid methods
(for example combination of magnetron sputtering and pulsed laser
deposition) could result in improving the quality of deposited films and
increasing the deposition rate and the uniformity of films [156]. PLD has
also a narrow forward distribution which makes it a difficult task to be
used for large area scale-up [151], but using off-axis PLD is considered a
promising solution to overcome this problem [122].

Overall, there are several advantages and disadvantages over using
PVD processes, which are provided in Table 2.

Table 3
General advantages and disadvantages of dip coating.

4. Liquid deposition methods
4.1. Dip coating

Dip coating is generally used for the production of functional films
[159]. It is a facile and economical process in which the substrate is
immersed into the solution of the coating material, and is withdrawn
from the solution tank after being fully infiltrated [160]. Dip coating
could be known as slurry or vacuum slurry dip coating. The slurry is
composed of dispersant, ceramic particles, binder, and solvent where the
thickness and smoothness of the film could be adjusted by modification
of the draw-up speed of the substrate from the slurry and the solid loads
in it [159]. Sol-gel process as an inexpensive and simple technology
could also be used for the fabrication of oxide films [161]. Using a so-
lution containing the source compounds of the target material is the
basis of most sol-gel processes. The solution changes into a sol by the
formation of fine colloidal particles/polymers. Further reactions could
result in the formation of a wet gel (gelation) and coating is made during
sol-to-gel conversion. Usually, the target material is obtained by the heat
treatment of the shaped gel at high temperatures [162]. Sol-gel is known
as a cost effective, non-vacuum, environmentally-friendly, and clean
process that possesses low requirements for the substrates and good
chemical homogeneity [163-166]. Low cost could be considered the
most important reason for the widespread use of sol-gel coatings,
however, sol-gel coatings could suffer from their delamination [167].
Overall, sol-gel method could be used by a range of coating methods
including dip coating, spray coating, and spin coating [168]. Dip coating
is defined as the process of deposition of a solid film on a substrate which
is immersed in a solution (or sol) followed by withdrawal and drying. It

Advantages [46,169-171,173]

a) Wide operating range

b) Ease of run

¢) Deposition of hybrid, nanocomposite, and inorganic materials

d) Inexpensive hardware

e) Exploitation of the purity of solution chemistry (such as sol-gel method)

f) Easily adjustable layer thickness

g) Capability of large-scale application for products with low standard requirements

h) Capability for coating items with various complex surfaces (with intricate shapes and holes)

Disadvantages [174]
a) Lack of uniformity of the coatings

b) High sintering temperatures (>1000 °C) for non-organic coatings, resulting in the creation of defects in metals.
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Table 4
Application of dip coating process for deposition of photocatalytic TiO, and ZnO films.
Photocatalytic film Thickness Pollutant (concentration) Source of light Efficiency Reference
TiOy NA Methyl orange (0.015 mM) uv 68.5% (t =5h) [175]
TiO, NA Methyl orange (0.03 mM) uv 39.9 % (t =5h) [175]
TiO, NA Methyl orange (0.045 mM) uv 231%(t=5h) [175]
TiOy NA Methyl orange (0.06 mM) uv 20.4 % (t =5h) [175]
N-doped TiO, NA Methylene blue (5 mg LY Visible 52 % (t = 210 min)** [176]
N-doped TiO, NA Methylene blue (5 mg L™!) uv 60 % (t = 210 min)* [176]
N-doped TiO» NA Eriochrome black-T (5 mg L B Visible 31 % (t = 210 min)** [176]
N-doped TiO, NA Eriochrome black-T (5 mg LY uv 41 % (t = 210 min)** [176]
TiO, Estimated to be ~150-200 nm Toluidine (5 x 10~* M) Visible 24 % (t = 8 h)** [177]
N-doped TiO» Estimated to be ~150-200 nm Toluidine (5 x 10~* M) Visible 45 % (t = 8 h)** [177]1
Li-doped TiO, Estimated to be ~150-200 nm Toluidine (5 x 10~* M) Visible 55 % (t = 8 h)** [177]
Li-N co-doped TiOy Estimated to be ~150-200 nm Toluidine (5 x 10~* M) Visible 61 % (t = 8 h)** [177]
N-doped TiO» Estimated to be ~150-200 nm Aniline (5 x 10~% M) Visible 77 % (t = 7 h)** [177]1
N-doped TiO, Estimated to be ~150-200 nm Dimethylaminopyridine (5 x 1074 M) Visible 65 % (t = 7 h)** [177]
N-doped TiO, Estimated to be ~150-200 nm Methylbenzylamine (5 x 1074 M) Visible 60 % (t = 7 h)** [177]
Li-N co-doped TiOy Estimated to be ~150-200 nm Aniline (5 x 10°* M) Visible 88 % (t = 7 h)** [177]
Li-N co-doped TiO, Estimated to be ~150-200 nm Dimethylaminopyridine (0.0005 M) Visible 78 % (t = 7 h)** [177]
Li-N co-doped TiOy Estimated to be ~150-200 nm Methylbenzylamine (0.0005 M) Visible 67 % (t = 7 h)** [177]
ZnO 218 nm Methylene blue (1 x 105 M) uv 73 % (t=4h) [178]
ZnO 312 nm Methylene blue (1 x 10> M) uv 69% (t=4h) [178]
ZnO 437 nm Methylene blue (1 x 10> M) uv 63% (t=4h) [178]
ZnO Order of 100 nm Methylene blue (2.5 x 10°°M) uv 90 % (t=10h) [179]
Al-doped ZnO 150 + 20 nm Methylene blue (2.5 x 107> M) uv 80 % (t = 380 min)** [180]
ZnO 150 + 20 nm Methylene blue (2.5 x 10~ M) uv 60 % (t = 380 min)** [180]
ZnO NA Methylene blue (1 x 10> M) uv 66 % (t =4h) [181]
ZnO NA Rhodamine B (1 x 107° M) uv 69 % (t=4h) [181]
ZnO NA Reactive orange (1 x 105 M) uv 33%(t=4h) [181]
Ag-doped ZnO (1 mol%) NA Methylene blue (1 x 10> M) uv 67 % (t=4h) [181]
Ag-doped ZnO (3 mol%)*** NA Methylene blue (1 x 1075 M) uv 69 % (t=4h) [181]
Ag-doped ZnO (5 mol%) NA Methylene blue (1 x 10~° M) uv 73% (t=4h) [181]
Ag-doped ZnO (7 mol%) NA Methylene blue (1 x 10> M) uv 75% (t=4h) [181]
Ag-doped ZnO (10 mol%) NA Methylene blue (1 x 10> M) uv 79% (t=4h) [181]
Ag-doped ZnO (10 mol%) NA Rhodamine B (1 x 107> M) uv 79% (t=4h) [181]
Ag-doped ZnO (10 mol%) NA Reactive orange (1 x 10> M) uv 49% (t=4h) [181]

Note: ** (Contribution of degradation).

Note: *** (The values reported in this study for element doping or the contribution of a material in a composite might be nominal and may not accurately reflect the

exact concentrations in some cases).

has been stated that big/complex shapes, such as cylinder tubes, could
be coated using a one step process, while such a simplicity is not always
possible by using evaporative/sputtering methods [169]. The main
forces that play important roles in dip coating process are inertia force,
gravitational force, viscous drag, and surface tension [170]. Overall, it
consists of five separate steps as follows [171]:

1 Immersion: In the first step the substrate is dipped, using a constant
speed, into the sole or colloidal solution of the coating material (a
pretreatment process could be required which depends on the type of
substrate).
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Fig. 6. Comparison of the photocatalytic activity of TiO, thin films deposited
by SGD and EBE processes. Reproduced with permission from Ref. [82] Copy-
right 2003 Elsevier.

2 Startup: In the second step, the substrate should be kept in the sol or
the coating solution for a designated time and should be pulled out
afterward.

3 Deposition: In this step, the coating material or the sol is deposited on
the substrate while it is being pulled out. The removal speed can
significantly affect the thickness of the coating (a slower speed could
result in a thinner layer).

4 Drainage: In the fourth step, excessive liquid should be drained from
the surface of the substrate.

5 Evaporation: In the last step, solvent should be evaporated from the
substrate surface to form a coating. Notably, this step might be car-
ried out in step three if the solvent is volatile.

Schematic illustration of dip coating process is shown in Fig. 5, and
its major advantages and disadvantages are provided in Table 3.

General operating parameters of dip coating process are as follows
[46]:

Wet thickness: 10-200 pm,
Coverage uniformity: +£10 %,
Viscosity: 20-2000 cP, and
Line speed: 0.5-7.5 m s}

Due to simplicity and low cost, it has received remarkable attention
for deposition of different kinds of semiconductors, including TiO5 and
ZnO, for photocatalytic applications (Table 4).

As shown, this method could take advantage of deposition of ZnO
and TiO; films with a variety of thicknesses from hundreds of nano-
meters (30 nm) to several micrometers (5 pm). Oh et al. [82] deposited
TiOg thin films on soda lime glass substrates using both electron-beam
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Fig. 7. SEM micrographs of TiO, films. (a) TiO2/SLG, (b) TiO2/BSG, and (c)
TiO5/QS after calcination at 450 °C. Reproduced with permission from
Ref. [182] Copyright 2011 Elsevier.

evaporation (EBE) and sol-gel dip coating (SGD) processes. Thickness of
the deposited films were around 400 nm. The deposited films were
calcined at different temperatures, from 300 °C to 500 °C, and used for
the photocatalytic degradation of formic acid under UV irradiation.
Upon heating at 500 °C, the refractive index of TiO, films deposited by
EBE insignificantly increased from 2.09 to 2.13, whereas the refractive
index of TiO; films deposited by SGD increased from 1.79 to 1.93. Be-
sides, increasing the calcination temperature resulted in a decrease of
porosity from 58.8 % to 49.1 % and from 37.1 % to 33.9 % for SGD and
EBE films, respectively. Obviously, dip coating resulted in the formation
of photocatalytic coatings with higher porosity than those deposited by
electron-beam evaporation. Notably, XRD patterns confirmed the
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formation amorphous TiOs thin films even after calcination at 300 °C
(for both EBE and SGD methods), signifying the necessity of using
calcination at high temperatures for the creation of crystalline struc-
tures. The photocatalytic activity of titania films deposited by EBE and
SGD methods is compared in Fig. 6.

As evident, the TiO; film deposited by SGD showed a remarkably
higher photocatalytic activity than that deposited by EBE. The higher
porosity of SGD films and the formation of Ti®* ions (due to the
reduction of Ti*" to Ti®" by organic residues) during the calcination of
SGD films resulted in their higher photocatalytic activity than EBE films
[82]. Ghazzal et al. [182] deposited TiOz thin films using dip coating
process on soda-lime glass (SLG), borosilicate glass (BSG), and quartz
substrates (QS). SEM micrographs showed the presence of some cracks
in the dip-coated TiO; film on the soda-lime glass substrate as shown in
Fig. 7 (unlike those deposited on borosilicate and quartz substrates).

Significantly different thermal expansion coefficient between TiOy
film and soda-lime glass substrate could play a vital role in the
appearance of these cracks. Dehydration of water from titania film,
during the calcination step, could also result in the formation of cracks.
It is notable that anatase phase with preferential (101) orientation was
observed for all deposited films [182]. Hence, the quality of photo-
catalytic films deposited by dip coating may highly depend on the
substrate properties. Despite of its advantages, dip coating process could
also suffer from the slow rate of process [170] and the non-uniformity of
film thickness [183].

4.2. Spin coating

Spin coating is one of the well-known methods for deposition of
oxide semiconductors including TiO5 and ZnO [184-187]. Notably, it is
a common method to provide homogeneous and uniform thin films
where a tiny amount of the solution of coating material is placed on the
substrate which is spun for a specific time (as high speed); and each layer
of the film is dried by evaporation of the solvent before starting the next
coating layer [188]. Thickness of the film can be controlled by spinning
velocity, solution viscosity, and surface tension [189]. In general, this
process consists of some sequential stages including fluid dispense, spin
up, stable fluid outflow, and evaporation [190]. Schematic illustration
of spin coating is shown in Fig. 8.

Hence, the material is firstly deposited on the turntable. Then spin up
and spin off processes take place sequentially. It is notable that the
evaporation happens during the process [192]. Flow-controlled and
evaporation-controlled are the stages that could play the most important
role in the final thickness of coatings. Overall, fluid flow on a flat sub-
strate is an important physical process in spin coating [193]. Moreover,
high spinning speed could lead to the formation of thinner layers [192].
Spin coating results in the formation of an amorphous phase, necessi-
tating the use of high temperatures for crystallization of the deposited
films [194]. The main processing parameters of this method of deposi-
tion include solution concentration, solution viscosity, spin speed,
dispense volume, spin time, and film thickness. Notably, this process
could provide coatings with a wide range of thickness up to 200 pm
[193]. Pore and surface characteristics of the substrate could affect that
quality of the deposited film [195]. It is noteworthy that
high-temperature thin-film processing could introduce major difficulties
in combining the desirable crystalline thin films with unstable substrates
at elevated temperatures. Moreover, it is a significant cost to
manufacturing [194]. Major merits and drawbacks of spin coating are
summarized in Table 5.

Overall, spin coating has received potential attention for deposition
of different kinds of ceramic materials, including TiO, and ZnO, for
photocatalytic applications some of which are tabulated in Table 6.
Notably, nitrogen doping resulted in the improvement of the photo-
catalytic activity of TiO, film deposited by spin coating process [198].
Fe3* [199], Co?* [200], and Ag?* [201] doping also improved the
photocatalytic activity of TiOz and ZnO spin coated thin films which
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Fig. 8. Schematic illustration of spin coating. Reproduced with permission from Ref. [191] Copyright 2021 MDPI. This article is an open access article distributed
under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

Table 5
General merits and drawbacks of spin coating.

Advantages [170,189,193,196,197]

a) Possibility of deposition of different types of materials including polymers and nanoparticles

b) The simplest method for the deposition of films
c) Low cost

d) Easy control of thickness (by switching to a different viscosity photoresist or changing the speed of spin)

e) Uniform coating (specially for thin films)
f) Very fast process

Disadvantages [170,190,192,197]

a) Necessity of using a drying or baking process

b) Creation of relatively planar surfaces

¢) Sensitivity to environmental conditions

d) Limited size of the substrates

e) Coating material loss (95-98 % of material is flung off)

f) Difficulty of creation of multilayered structures (more than two layers)
g) Possibility of the presence of contaminants (humidity, solvent, etc.)

could be attributed to the trapping effect of photo-generated e /h™*
pairs. It is while, both Cu?*-doping and Fe>*/Cu®" co-doping adversely
affected the photocatalytic activity of anatase TiO5 [202] since dopants,
on the downside, could act as recombination centers of charge carriers.
The same trend has also been observed for ZnO spin coated thin films by
increasing the concentration of Sm>* from 1 to 2 and 4 M percent [203]
or by increasing the concentration of Ag2+ from 6 wt% to 10 wt% [201].
Thus, both doping element and its concentration should be considered to
achieve high photocatalytic activity.

4.3. Spray coating/pyrolysis

Spray coating or spray pyrolysis is the term used for the atmospheric
pressure chemical deposition of materials on a substrate by spraying the
solution on a hot substrate where the pyrolysis reaction occurs [170,
205]. The coating layer is formed by the removal of all unstable mate-
rials at the working temperature [170]. This is a low cost method in
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which vacuum is not required [205]. Overall, spray pyrolysis is divided
into three categories (based on the type of reaction) as follows [206]:

1. Residing the droplets of the solution on the heated substrate by
evaporation of the solvent (further reaction of components could
occur in the dry state),

2. Evaporation of the solvent prior to reaching the heated substrate and
impingement of the dry solid on the substrate by decomposition, and

3. Evaporation of the solvent by approaching the droplets to the sub-
strate followed by heterogeneous reaction of the solution
components.

Various nanostructured products could be synthesized using spray
pyrolysis. Therefore, it is known as a versatile synthetic process for the
production of thin films and powders [207]. Schematic of spray pyrol-
ysis apparatus used for the production of thin films is shown in Fig. 9(a).

Compared with common methods used for the deposition of thin
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Table 6
Application of spin coating for deposition of photocatalytic TiO, and ZnO films.
Photocatalytic film Thickness Pollutant (concentration) Source of light Efficiency Reference
Anatase TiO, 38+1 Acid yellow 17 (10 mg L™%) uv k=013pMh! [204]
Anatase TiO, 5341 Acid yellow 17 (10 mg L™%) uv k=0.14pMh7! [204]
Anatase TiO, 63+ 1 Acid yellow 17 (10 mg L™1) uv k=042pMh7! [204]
Anatase TiO, 81+1 Acid yellow 17 (10 mg L) uv k=0.80pMh?! [204]
Anatase TiO, 93+ 1 Acid yellow 17 (10 mg L™%) uv k=1.07pMh! [204]
Anatase TiO, 107 +1 Acid yellow 17 (10 mg L™1) uv k=121pMh! [204]
Anatase TiO, 121 +2 Acid yellow 17 (10 mg L) uv k=132pMh™! [204]
Anatase TiO, 135+ 2 Acid yellow 17 (10 mg L™%) uv k=135pMh™! [204]
Anatase TiO, 149 + 2 Acid yellow 17 (10 mg L™%) uv k=1.40pMh7! [204]
Anatase TiO, 163 + 2 Acid yellow 17 (10 mg L™ uv k=141pMh™! [204]
TiOy NA Rhodamine B (3 mM) Sunlight k = 1.25 mmin~! [198]
N-doped TiO; (3 wt%) NA Rhodamine B (3 mM) Sunlight k = 13.75 mmin " [198]
N-doped TiO» (10 wt%) NA Rhodamine B (3 mM) Sunlight k = 7.50 mmin ! [198]
TiO, NA Methylene blue (4 mg L") uv k =0.018 h ! [199]
Fe**-doped TiO; (5 wt%) NA Methylene blue (4 mg L) uv k=0.023h ! [199]
Fe**-doped TiO; (10 wt%) NA Methylene blue (4 mg L™!) uv k=0.024h ! [199]
Fe3*-doped TiO; (15 wt%) NA Methylene blue (4 mg L™ 1) uv k=0.028h ! [199]
Fe**-doped TiO; (20 wt%) NA Methylene blue (4 mg L") uv k=0.036h ! [199]
Fe**-doped TiO;, (25 wt%) NA Methylene blue (4 mg L™1) uv k=0.038h ! [199]
ZnO 367.7 nm Methylene blue (1 x 107> M) uv 89.3 % (t = 7 h)** [203]
Sm3’-doped ZnO (1 mol%) 354.5 nm Methylene blue (1 x 107> M) uv 90.4 % (t = 7 h)** [203]
Sm**-doped ZnO (2 mol%) 360.7 nm Methylene blue (1 x 107> M) uv 88.1 % (t = 7 h)** [203]
Sm**-doped ZnO (4 mol%) 361.3 nm Methylene blue (1 x 10~° M) uv 68.2 % (t = 7 h)** [203]
ZnO NA Methylene blue (1 x 107> M) Visible k = 0.00547 min [200]
Co-doped ZnO (5 wt%) NA Methylene blue (1 x 107> M) Visible k = 0.00688 min ~* [200]
Co-doped ZnO (10 wt%) NA Methylene blue (1 x 10~° M) Visible k = 0.00932 min ~* [200]
Co-doped ZnO (15 wt%) NA Methylene blue (1 x 107> M) Visible k = 0.01340 min ! [200]
ZnO NA Reactive Red 195 (10 mg LY Simulated solar light k: ~0.0021 min ! [201]
Ag-doped ZnO (2 wt%) NA Reactive Red 195 (10 mg L™1) Simulated solar light k: ~0.0021 min ~! [201]
Ag-doped ZnO (4 wt%) NA Reactive Red 195 (10 mg L™1) Simulated solar light k: ~0.0028 min ! [201]
Ag-doped ZnO (6 wt%) NA Reactive Red 195 (10 mg L) Simulated solar light k: ~0.0037 min ! [201]
Ag-doped ZnO (8 wt%) NA Reactive Red 195 (10 mg L™}) Simulated solar light k: ~0.0025 min ~! [201]
Ag-doped ZnO (10 wt%) NA Reactive Red 195 (10 mg L™1) Simulated solar light k: ~0.0014 min ~* [201]
Ag-doped ZnO (6 wt%) NA Reactive Red 195 (15 mg L™1) Simulated solar light k: ~0.0016 min ! [201]
Ag-doped ZnO (6 wt%) NA Reactive Red 195 (20 mg L™}) Simulated solar light k: ~0.0007 min ~! [201]
Ag-doped ZnO (6 wt%) NA Reactive Red 195 (25 mg L™1) Simulated solar light k: ~0.0006 min ~* [201]
ZnO NA Reactive Yellow 145 (10 mg L™ Simulated solar light k: ~0.0016 min ! [201]
Ag-doped ZnO (2 wt%) NA Reactive Yellow 145 (10 mg LY Simulated solar light k: ~0.0018 min ! [201]
Ag-doped ZnO (4 wt%) NA Reactive Yellow 145 (10 mg LH Simulated solar light k: ~0.0030 min ! [201]
Ag-doped ZnO (6 wt%) NA Reactive Yellow 145 (10 mg L) Simulated solar light k: ~0.0040 min ~* [201]
Ag-doped ZnO (8 wt%) NA Reactive Yellow 145 (10 mg LY Simulated solar light k: ~0.0026 min ~! [201]
Ag-doped ZnO (10 wt%) NA Reactive Yellow 145 (10 mg LH Simulated solar light k: ~0.0018 min ! [201]
Ag-doped ZnO (6 wt%) NA Reactive Yellow 145 (15 mg L) Simulated solar light k: ~0.0022 min ~* [201]
Ag-doped ZnO (6 wt%) NA Reactive Yellow 145 (20 mg LY Simulated solar light k: ~0.0016 min ! [201]
Ag-doped ZnO (6 wt%) NA Reactive Yellow 145 (25 mg LH Simulated solar light k: ~0.0011 min ! [201]
ZnO NA Reactive Orange 122 (10 mg LhH Simulated solar light k: ~0.0018 min ! [201]
Ag-doped ZnO (2 wt%) NA Reactive Orange 122 (10 mg L") Simulated solar light k: ~0.0025 min ! [201]
Ag-doped ZnO (4 wt%) NA Reactive Orange 122 (10 mg L™ %) Simulated solar light k: ~0.0037 min ! [201]
Ag-doped ZnO (6 wt%) NA Reactive Orange 122 (10 mg LY Simulated solar light k: ~0.0054 min ! [201]
Ag-doped ZnO (8 wt%) NA Reactive Orange 122 (10 mg L™1) Simulated solar light k: ~0.0037 min ~* [201]
Ag-doped ZnO (10 wt%) NA Reactive Orange 122 (10 mg L™ %) Simulated solar light k: ~0.0030 min ! [201]
Ag-doped ZnO (6 wt%) NA Reactive Orange 122 (15 mg LhH Simulated solar light k: ~0.0034 min ! [201]
Ag-doped ZnO (6 wt%) NA Reactive Orange 122 (20 mg L™1) Simulated solar light k: ~0.0024 min ~! [201]
Ag-doped ZnO (6 wt%) NA Reactive Orange 122 (25 mg L™ 1) Simulated solar light k: ~0.0020 min ! [201]

Note: ** (Contribution of degradation).

films, spray pyrolysis can take advantages of specific properties. General
advantages and limitations of spray pyrolysis are provided in Table 7.
In general, this technique involves separate individual stages that
includes atomization, transport of aerosol, and precursor decomposition
[207]. Thus, selection of the solvent, type of precursor, aerosol droplet
size distribution, synthesis temperature, nature of carrier gas and its flux
rate could affect the morphology of deposited materials [205]. The main
parameters that can be easily controlled consists nozzle to substrate
distance, synthesis temperature, concentration of the precursor solution,
and the flux rate of carrier gas [206]. Owing to the strong dependency of
the droplets drying, grain growth, decomposition, and crystallization on
temperature, the substrate temperature is known as the most important
parameter among these factors [170,206]. The more the substrate
temperature, the higher are the roughness and the porosity of the
deposited films, whereas using too low temperatures could result in the
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formation of cracks in the thin film. Notably, the deposition temperature
could affect the crystallinity, texture, and phase composition of the films
deposited by spray pyrolysis [207]. Overall, four different processes
could occur by an increase in the substrate temperature as shown in
Fig. 9(b). In process A (at the lowest temperature regime), the droplets
hit the surface and decompose. In process B (at higher temperatures),
evaporation of the solvent occurs during the flight of droplets. Thus, dry
precipitate hits the surface of the substrate. In process C (at higher
temperatures), although evaporation of the solvent occurs prior to
hitting the droplets to the substrate, melting and evaporation of the dry
precipitate is observed (without decomposition). Afterward, diffusion of
vapor to the substrate takes place to perform a CVD process. In process D
(at the highest temperatures), evaporation of the precursor occurs prior
to reaching the substrate [209]. The solid particles will be formed in the
vapor phase by the chemical reactions, consequently. In general, it has
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Fig. 9. (a) Schematic of spray pyrolysis apparatus used to produce thin films.
Reproduced with permission from Ref. [208] Copyright 2023 Springer Nature.
The rights of this figure are owned by a third party. (b) Description of the
deposition processes accompanied by increase of the substrate temperature.
Reproduced with permission from Ref. [209] Copyright 2005 Springer Nature.
The rights of this figure are owned by a third party.

been stated that non-adherent (and/or rough) films are generated in
processes A and D. It is while, adherent films could be formed in process
C. Notably, processes A and B could also lead to the preparation of high
quality adherent films [209]. Khoury et al. [85] deposited ZnO using
various methods including reactive electron-beam evaporation, RF
magnetron sputtering, and electrostatic spray pyrolysis. Although PVD

Table 7
General advantages and limitations of spray pyrolysis.

Advantages [170,205,207,209]

a) Low cost

b) No need for vacuum

c) Deposition of various metal oxides and compounds

d) Formation of mixed and/or multiple layered structures

e) Easy adaptation for large area production

f) Use of highly diluted solutions

g) Deposition of dense and porous films

h) Deposition of doped metal oxides

i) Easy control of the components and morphology of the target material
j) No requirement for the substrate preparation

k) Possibility of deposition on non-flat areas using a hand-held sprayer
1) Possibility of deposition over a wide variety of substrates

m) No need to high quality substrates or chemicals

Disadvantages [205-207]

a) Wide variety of parameters affecting the quality of deposited film

b) Difficulty of controlling the parameters during the process

¢) Inherently non-uniform thickness of the deposited films

d) High dependency of the properties of deposited films on substrate properties
e) Imposing remarkable heat tolerance requirements for the substrate
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(both electron-beam evaporation and reactive RF magnetron sputtering)
resulted in the formation of c-axis oriented ZnO film, electrostatic spray
pyrolysis fabricated polycrystalline ZnO film with a (002) preferred
orientation. Notably, ZnO film deposited by electron-beam evaporation
showed the best crystallinity between these three methods. Although the
nature of the residual stress was different in the fabricated films, those
deposited by electrostatic spray pyrolysis (compressive stress) and
reactive electron-beam evaporation (tensile stress) showed lower stress
than that deposited by reactive RF magnetron sputtering (compressive
stress). Noteworthy, the maximum transmittance, in the visible light
region, was attributed to ZnO film deposited by reactive RF magnetron
sputtering, electrostatic spray pyrolysis, and reactive electron-beam
evaporation, respectively. It is notable that ZnO film deposited by
reactive electron-beam evaporation showed smaller band gap energy
than those deposited by electrostatic spray pyrolysis and reactive RF
magnetron sputtering which has been attributed to its residual tensile
stress (unlike ZnO films deposited by reactive RF magnetron sputtering
and electrostatic spray pyrolysis with residual compressive stresses).
Although Khoury et al. [85] suggested that residual compressive stresses
could increase the band gap energy [85], a reciprocal behavior has been
observed by Ghazzal et al. [182] where three different substrates were
used to deposit TiOs thin films by sol-gel. Negligible, medium, and large
residual compressive stresses were developed using soda-lime glass,
borosilicate glass, and quartz substrate, respectively. Notably, the
red-shift absorbance edge of TiO, deposited on borosilicate glass and
quartz substrates has been directly attributed to the increased residual
compressive stress [182]. All in all, residual stress (tensile or compres-
sive) could affect the band gap energy of materials, their band’s shape,
and optical properties [210-212]. It is worth mentioning that the re-
sidual tensile stress could induce fatigue crack initiation and
environmentally-assisted cracking in the deposited films [213], whereas
the residual compressive stress could lead to the film debonding and
buckling (formation of open channels) [214]. Compared with
electron-beam evaporation and magnetron sputtering techniques, spray
pyrolysis could suffer from the fabrication of non-quite homogeneous
films as illustrated in Fig. 10 [85].

The same as spin coating, deposition of photocatalytic TiO and ZnO
films using spray coating has been widely studied some of which are
provided in Table 8. As evident, nitrogen doping (up to 2 at%) consid-
erably increased the photocatalytic activity of TiO, thin films deposited
by spray pyrolysis. However, further increase of nitrogen doping, up to
4 at% and 6 at%, decreased the photocatalytic degradation of methylene
blue [215]. The same trend has also been observed for Er-doped ZnO
thin films. Although an increase in the concentration of Er (up to 1.0 at
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Fig. 10. SEM micrographs of ZnO thin films on Si (100) deposited by (a) electron-beam evaporation, (b) RF magnetron sputtering, and (c) electrostatic spray
pyrolysis. Reproduced with permission from Ref. [85] Copyright 2010 John Wiley and Sons.

Table 8
Application of spray coating in deposition of photocatalytic TiO5 and ZnO films.
Photocatalytic film Thickness Pollutant (concentration) Source of light Efficiency Reference
TiOy NA Methylene blue (2 mg L 1) uv 63.3% (t=3h) [215]
N-doped TiO, (2 at%) NA Methylene blue (2 mg L™}) uv 94 % (t=3h) [215]
N-doped TiO; (4 at%) NA Methylene blue (2 mg L™}) uv ~86 % (t =3 h) [215]
N-doped TiO; (6 at%) NA Methylene blue (2 mg LY uv ~70% (t=3h) [215]
ZnO 254 nm Methylene blue (2.5 x 107> M) uv k=145h"1 [217]
ZnO nanoflakes 370 + 7 nm Methyl orange (1 x 107> M) uv k = 0.0121 min ! [218]
ZnO nanorods 480 4+ 107 nm Methyl orange (1 x 1075 M) uv k = 0.0079 min ! [218]
ZnO NA Methylene blue (10 mg L™1) uv k = 0.00679 min ~! [219]
Ag-doped ZnO (5 mol%) NA Methylene blue (10 mg L™) uv k = 0.00638 min ~* [219]
Ag-doped ZnO (10 mol%) NA Methylene blue (10 mg L™) uv k = 0.00678 min ~! [219]
Ag-doped ZnO (15 mol%) NA Methylene blue (10 mg L™1) uv k = 0.00802 min ~! [219]
Ag-doped ZnO (20 mol%) NA Methylene blue (10 mg L") uv k = 0.00714 min ! [219]
Ag-doped ZnO (25 mol%) NA Methylene blue (10 mg L™) uv k = 0.00969 min ~* [219]
ZnO 397 nm Rhodamine B (0.1 mg L™1) uv k = 0.026 min ~! [216]
Er-doped ZnO (0.5 at%) 439 nm Rhodamine B (0.1 mg L ™) uv k = 0.032 min * [216]
Er-doped ZnO (1.0 at%) 453 nm Rhodamine B (0.1 mg L") uv k = 0.038 min ! [216]
Er-doped ZnO (1.5 at%) 441 nm Rhodamine B (0.1 mg L™1) uv k = 0.035 min ! [216]
N-doped ZnO-CuO nanocomposite NA Methyl orange (20 mg L™1) uv ~80 % (t = 75 min) [220]
Fe-doped ZnO (5 %) NA Rhodamine B (10 mg L) Visible 64.53% (t=3h) [221]
Fe-doped ZnO (10 %) NA Rhodamine B (10 mg LY Visible 65.57 % (t =3 h) [221]
Fe-doped ZnO (15 %) NA Rhodamine B (10 mg L™1) Visible 67.36 % (t=3h) [221]
Fe-doped ZnO (20 %) NA Rhodamine B (10 mg L) Visible 70.79 % (t =3h) [221]
Fe-doped ZnO (5 %) NA Methylene blue (10 mg LY Visible 60.64 % (t =3 h) [221]
Fe-doped ZnO (10 %) NA Methylene blue (10 mg L™1) Visible 62.53% (t=3h) [221]
Fe-doped ZnO (15 %) NA Methylene blue (10 mg L") Visible 62.34% (t=3h) [221]
Fe-doped ZnO (20 %) NA Methylene blue (10 mg L™) Visible 65.31 % (t=3h) [221]

%), improved the photocatalytic activity, further increase of Er deteri-
orated the photocatalytic efficiency [216].

5. Deposition of thick/thin films using solid particles

There are different methods that can be used for deposition of solid
particles. Electrophoretic deposition and thermal spraying are among
the main methods which can be effectively used for the fabrication of
thick/thin and dense coatings (using solid particles). Notably, the
application of thermal spraying processes in the production of TiO5 and
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ZnO films was studied in our previous research [26]. Hence, the appli-
cation of EPD in deposition of TiO; and ZnO is studied in this research.

5.1. Electrophoretic deposition

EPD is an electrochemical method for processing both coating and
bulk materials. Although it has been discovered in the early 1800s, it has
received remarkable attention to produce advanced materials as a
promising technology in both industry and academia [222]. Due to its
compatibility with a variety of materials, EPD has been receiving
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Fig. 11. Schematic illustration of electrophoretic deposition. Reproduced with
permission from Ref. [227] Copyright 2020 Elsevier.

growing attention as a manufacturing process [223]. However, it is
mainly used for deposition of ceramic materials [222]. EPD is a two-step
process where the suspended particles (in colloidal solutions) are
collected on a substrate. Deposition process occurs in an electrochemical
cell where the substrate material is used as one of the electrodes. Po-
larization of the suspended particles by an appropriate applied potential
(using a direct current electric field), pulls them toward the oppositely
charged electrode (substrate). It leads to the formation of a relatively
compact and homogeneous coating, consequently [149,224]. However,
the resulted film is just a powder agglomeration at this stage. Further
processing, such as sintering/heat treatment, is needed to improve the
bonds between the substrate and agglomerated particles [224] or to
ensure crystallinity [225]. An appropriate suspension for electropho-
retic deposition should have several features including high particle
surface charge (to improve the ceramic particle mobility), low viscosity
(to improve the ceramic particle mobility), high dielectric constant of
liquid phase, and low conduction of the suspending medium (to decrease
the transport of solvent) [226]. Thickness and morphology of the
deposited films rely on deposition time and strength of electric field
[149,225]. Overall, EPD can be used for deposition of any solid particle
in the form of colloidal suspension or fine powder (particle size < ~30
pm). Besides, this process can be used for deposition of functionally
graded ceramic coatings with a wide range of thickness from less than 1
pm to more than 500 pm. Moreover, this process is capable of using
complex-shaped substrates [149]. Schematic illustration of EPD is
shown in Fig. 11, and its major merits and drawbacks are presented in

Table 9
General merits and drawbacks of EPD.
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Table 9.

Electrophoretic deposition has received remarkable attention for the
fabrication of photocatalytic TiO5 coatings some of which are provided
in Table 10. Although electrophoretic deposition of TiO takes advan-
tages of its low temperature (during deposition), further annealing/
calcination at high temperatures is generally needed to improve the
quality/adhesion of coatings or remove organic compounds [233-238].
For example, Singh et al. [238] deposited TiOs nanoparticles, synthe-
sized by microwave method, using EPD at room temperature, whereas
the deposited film was annealed at 500 °C for 2 h. Notably, the deposited
TiO, film showed higher efficiency than initially-synthesized TiO2
nanoparticles for the photocatalytic degradation of methyl red.
Mahammadi et al. [233] evaluated the effects of some key parameters in
electrophoretic deposition (including deposition time, calcination tem-
perature, applied voltage, and weight percentage of photocatalyst) on
the photocatalytic activity of nanocrystalline titania films (using P25
nanoparticles). Between the applied voltages of 10 V, 30 V, and 50 V,
TiOs film deposited at 30 V showed the highest photocatalytic activity.
Notably, the formation of numerous cracks inhibited the production of
uniform films at 10 V and 50 V. Increasing the calcination temperature
from 300 °C to 500 °C and 700 °C suppressed the photocatalytic activity
which has been attributed to the increase of rutile phase content (or
decrease of anatase phase content) and acceleration of the growth of
crystallites. Increasing the deposition time from 1 min to 3 min and 5
min enhanced the photocatalytic efficiency, clarifying the effect of
thickness on the photocatalytic activity of TiO, coatings. Increasing the
weight percentage of P25 from 0.2 wt% to 0.6 wt% and 1 wt% also
improved the photocatalytic activity. It has been shown that the initial
concentration of suspended TiO3 nanoparticles could significantly affect
the structural and morphological properties of titania films, where using
the weight percentage of 1 wt% resulted in the formation of smoother,
more uniform, and more dense titania films (with less cracks) with a
higher photocatalytic activity. Analysis of variance (ANOVA) analysis
introduced applied voltage and P25 wt percentage as the least and the
most influential parameters, respectively, on the photocatalytic activity
in their research.

Hosseini et al. [235] used EPD for the fabrication of pure TiO2 and
TiO9/Ag thin films (with the thickness of a few hundred nanometers) on
stainless steel substrates for the photocatalytic degradation of methylene
blue. Although TiO,/Ag thin films showed higher photocatalytic activity
than pure TiO; thin films (due to the more efficient separation of pho-
togenerated e /h™ pairs), variation of either deposition time (from 0.5
min to 5 min) or current density (from 400 pA cm~2 to 2000 pA cm_z)
did not significantly affect the photocatalytic activity in both cases. In
another research, Teodoro et al. [236] synthesized Cu-doped TiOg

Advantages [149,228-232]

a) None line of sight coating process

b) High deposition rate

¢) Low cost

d) Simple apparatus

e) High purity of deposited films

f) High microstructural homogeneity of deposited films
g) No requirement to additives or binders

h) Deposition of uniform films

i) Capability of depositing porous microstructures

j) Capability of using complex-shaped substrates

k) Capability of using substrates with large surface area

1) Control of the coating thickness, from thin films to thick films, and structure of the coatings

Disadvantages [149,229,232]

a) Using an appropriate solvent for suspension stabilization and provision of high electrophoretic mobility

b) Poor adhesion

c) Possible generation of cracks at the interface of coating/substrate or on the surface of film

d) Limitation of using conductive substrates
e) High costs of preparing large components
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Table 10
Application of EPD in the fabrication of photocatalytic TiO, films.
Photocatalytic film Thickness Pollutant (concentration) Source of light Efficiency Reference
TiO, NA Methyl orange (5 mg L) uv 83 % on average (t = 3 h) [233]
TiO, NA 4-chlorophenol (NA) uv 61 % (t = 5 h)** [239]
TiO»-rGO (0.5 wt%) NA 4-chlorophenol (NA) uv 84 % (t =5 h)** [239]
TiOy NA Methylene blue (10 mg L) uv 35% (t=5h) [240]
TiO, NA Methylene blue (10 mg LY Visible 26 % (t =5h) [240]
TiO, NA Methylene blue (10 mg L) Sunlight 62% (t=5h) [240]
AgCI-TiO, 162.9 nm Methamphetamine (20 mg L B Natural solar light 25% (t=2h) [241]
AgCl-TiO, 325.7 nm Methamphetamine (20 mg L) Natural solar light 49 % (t=2h) [241]
AgCI-TiO, 651.5 nm Methamphetamine (20 mg LhH Natural solar light 68 % (t=2h) [241]
AgCI-TiO, 977.2 nm Methamphetamine (20 mg L B Natural solar light 84 % (t=2h) [241]
AgCl-TiO, 1302.9 nm Methamphetamine (20 mg L™1) Natural solar light 94 % (t=2h) [241]
AgCI-TiO, 1628.7 nm Methamphetamine (20 mg L™1) Natural solar light 95% (t=2h) [241]
AgCI-TiO, 1954.4 nm Methamphetamine (20 mg L) Natural solar light 95% (t=2h) [241]
Sn-doped TiO, NA Methylene blue (10 mg LY uv 51 % (t=5h) [240]
Sn-doped TiO, NA Methylene blue (10 mg L™ Visible 47 % (t=5h) [240]
Sn-doped TiO, NA Methylene blue (10 mg LhH Sunlight 73 % (t=5h) [240]
Cu-doped TiO, (0.5 at%) ~125 pm Rhodamine B (1 x 107> M) uv 56.3 % (t =1 h)** [236]
0.5N-doped TiO, - Methylene blue (NA) Visible k=0.1807 h ! [237]
0.1Fe-0.5N-doped TiO» - Methylene blue (NA) Visible k=0.184h ! [237]
TiOy 5.3 pm Amido black-10B (10 mg L™1) uv 80.97 % (t = 5 h)** [242]
TiO2-WO3 (1 wt%) 8.4 pm Amido black-10B (10 mg L™ uv 81.31 % (t = 5 h)** [242]
TiO2-WO3 (2 wt%) 9.5 pm Amido black-10B (10 mg L uv 82.86 % (t =5 h)** [242]
TiO2-WO3 (3 wt%) 11.5 pm Amido black-10B (10 mg L uv 84.21 % (t =5 h)** [242]
TiO2-WO3 (4 wt%) 12.7 pm Amido black-10B (10 mg L) uv 86.88 % (t = 5 h)** [242]
TiO2-WO3 (5 wt%) 21 pm Amido black-10B (10 mg Lfl) uv 88.34 % (t = 5 h)** [242]
Note: ** (Contribution of degradation).
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Fig. 12. Photocurrents of electrodes obtained by TiO, nanotubes (fabricated by anodizing), N-doped TiO, nanotubes (fabricated by anodizing), P25 TiO, nano-
particles (deposited by EPD), and N,F-doped TiO, nanoparticles (deposited by EPD) in Y strength solution under chopped UV-vis illumination (potential bias = 1 V
and UV-vis exposure time = 5 s). 3rd cycle of current measurement for each electrode. Reproduced with permission from Ref. [234] Copyright 2017 MDPI. This
article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/lice

nses/by/4.0/).

particles. Notably, it has been shown that Cu doping up to 0.5 at% could
promote the stability of anatase phase and reduce the band gap energy.
Then, Cu-doped TiO particles were deposited by EPD on an aluminum
substrate for the degradation of Rhodamine B, where pure TiO, and
Cu-doped TiO particles provided higher degradation rates than the
deposited film (63.9 %, 98.3 %, and 56.3 % within 1 h, respectively).
The possibility of depositing rough and porous surfaces, as observed by
Teodoro et al. [236], could introduce EPD as a substantial alternative to
those methods that can fabricate flat surfaces. Pablos et al. [234]
fabricated TiO, thin films by different methods of anodizing (using Ti
substrate) and electrophoretic deposition (using TiO, nanoparticles).
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The photocurrents of TiO5 nanotubes (fabricated by anodizing) and TiO»
nanoparticles (deposited by EPD) are compared in Fig. 12.

As shown, nanotubular structures provided higher photocurrent than
nanoparticles. Compared with nanoparticles, aligned nanotubular
structures could yield a more direct pathway for the transfer of elec-
trons, resulting in the higher photocurrent of TiO, films fabricated by
anodizing. On the downside, nanotubular structures generally suffer
from their lower specific surface area than mesoporous nanoparticle
thick films [234] which could be fabricated by some methods e.g. EPD.
Zlamal et al. [243] fabricated both nanotubular and P25 (nanoparticles)
TiOy electrodes for electrochemically assisted photocatalysis. The
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Fig. 13. (a—c¢) SEM micrographs of anodic titania nanotubular films with
different thicknesses of 0.5 pm, 2.5 ym, and 4.5 pm. (d) SEM micrograph of
thick Degussa P25 film (2.5 pm). (e) Photocatalysis of AO7. (f) Photocatalysis of
methylene blue. Reproduced with permission from Ref. [244] Copyright 2007
John Wiley and Sons.

specific surface area of the thick titania nanotubular structure with the
thickness of 2.5 pm, i.e. 12 m? g ™!, was considerably lower than that of
P25 electrode, i.e. 50 m? g}, signifying the crucial importance of
nanoparticles deposition. However, the electronic properties of TiO2
nanotubular morphology was superior than that of P25 nanoparticles.
The same trend has also been reported by Macak et al. [244], where
nanotubular and P25 (nanoparticles) TiO; films were fabricated for the
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Fig. 14. Comparison of the photocatalytic degradation rates of AO7 using as-
prepared TiO, nanotubes, TiO, nanotubes annealed at 450 °C, TiO, nano-
tubes annealed at 550 °C, and P25 film (with the similar thicknesses of 2.5 pm).
Reproduced with permission from Ref. [244] Copyright 2007 John Wiley
and Sons.

photocatalytic degradation of Acid orange 7 (AO7) and methylene blue.
SEM micrographs and the photocatalytic degradation rates of AO7 and
methylene blue by using TiO2 nanotube films, with the thicknesses of
0.5 pm, 2.5 pm, and 4.5 pm, and by using P25 TiO; film, with the
thickness of 2.5 pm, are shown in Fig. 13.

As evident, increasing thickness improved the photocatalytic activity
of TiO, nanotubes, and all nanotubular films showed higher photo-
catalytic activity than Degussa P25 film for both AO7 and methylene
blue. It is while nanotubular films had significantly smaller active sur-
face than P25 film (approximately 7 times). Notably, the nanotubular
morphology could provide an optimized geometry to shorten the carrier-
diffusion paths and lower the recombination rate of charge carriers
[244]. However, it should be noted that the crystal structure of the
nanotubular TiO; films fabricated by Macak et al. [244] were different
from P25 nanoparticles with 80 wt% of anatase and 20 wt% of rutile
phases. Due to the amorphous structure of the as-prepared samples by
anodizing, they were annealed at 450 °C and 550 °C to fabricate pure
anatase and mixture of anatase/rutile phases, respectively. It is while the
crystal structure (ratio of anatase to rutile) can significantly affect the
photocatalytic performance e.g. the appearance of small traces of rutile
phase in the sample annealed at 550 °C remarkably decreased the
photocatalytic degradation rate of AO7 from 1.1311 h™! to 0.6833 h™?
compared with the sample annealed at 450 °C (with pure anatase
phase). Thus, the fewer anatase phase content of P25 should have played
an important role in the lower photocatalytic activity of P25 film than
nanotubular TiO; films. Photocatalytic degradation rates of AO7 using
the as-prepared TiO, nanotubes, the nanotubes annealed at 450 °C, the
nanotubes annealed at 550 °C, and the P25 film (with the similar
thicknesses of 2.5 pm) are compared in Fig. 14, signifying the effect of
the crystal structure on the photocatalytic activity of TiO; films.

In addition to TiO,, there are some studies on electrophoretic
deposition of ZnO particles in which the effects of process parameters on
the quality of ZnO films have been evaluated [245-247]. Wang et al.
[246] introduced EPD as a powerful method for the fabrication of uni-
form nanostructured ZnO coatings with desired thickness and excellent
smoothness by using narrow size distribution and small particle size
(ZnO nanoparticles). Similar to TiOy coatings [233,235], it has been
shown that deposition time and applied voltage could affect the prop-
erties of ZnO films fabricated by EPD, where increasing deposition time
and applied voltage increased the thickness of ZnO films. Besides, it has
been shown that the uniformity of films is affected by the particle size of
the initial ZnO powder used in EPD, where using smaller particle size
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Fig. 15. Schematic illustration of the attachment of ZnO nanorods and ZnO nanosheets at different voltages: (a) ZnO nanosheets at low voltages, (b) ZnO nanosheets
at high voltages, (c) ZnO nanorods at low voltages, (d) ZnO nanorods at high voltages. Formation of films at high voltages using (e) ZnO nanosheets and (f) ZnO
nanorods. Reproduced with permission from Ref. [245] Copyright 2018 Elsevier.

and more stable suspension could lead to the higher uniformity of
coatings (because of better packing) [246]. Similar to TiOg films,
as-deposited ZnO films produced by EPD need a post-heat treatment for
improvement of their quality. Notably, porosity of the deposited films
could be easily controlled by the annealing temperature e.g. Jun et al.
fabricated pore-free ZnO films by sintering the as-deposited films at
850 °C and 1050 °C for 2 h [247]. Mohammadi et al. [245] used the EPD
process for the fabrication of two different morphologies of ZnO (i.e.
ZnO nanorods with the average diameter of 139 nm and ZnO nanosheets
with the average thickness of 26 nm). Under similar conditions of
deposition, ZnO nanosheets showed a higher deposition rate than ZnO
nanorods. Besides, compared with ZnO nanorods, ZnO nanosheets
resulted in the fabrication of denser films. However, ZnO nanorods
provided more uniform coatings at different voltages. Schematic illus-
tration of the attachment of ZnO nanorods and ZnO nanosheets (at low
and high voltages) and the formation of films at high voltages are
compared in Fig. 15.
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It has been shown that applied voltage could significantly affect the
morphology of ZnO films. Notably, flower-like structures were fabri-
cated using ZnO nanorods at high voltages which has been attributed to
the sudden attachment of nanorods to the substrate and the formation of
packed ZnO nanoparticles followed by the prevention of other nano-
particles to lie down adjacent to the former nanoparticles. Compared
with ZnO nanorods, ZnO nanosheets provided coatings with higher
porosity at high voltages [245]. Overall, it can be concluded that the
morphology of initial particles could remarkably affect the quality of
TiO9/ZnO films fabricated by EPD. Noteworthy, EPD can be used for
deposition of ZnO/TiO, coatings with high porosity and high surface
area that are desired for photocatalytic applications. To exemplify,
Taheri et al. [248] used a combination of sol-gel and EPD processes for
deposition of nanostructured ZnO coatings with urchin-like morphol-
ogies, where a colloidal sol containing zinc acetate, trimethylamine, and
methanol were used for deposition of urchin-like ZnO films using sol-gel
electrophoretic deposition. Photocatalytic activity of nanostructured
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Fig. 16. (a) Time-dependency of methylene blue degradation in the presence of ZnO powder with urchin-like morphology under UV irradiation (initial concentration
of methylene blue = 10 ~° M). Reproduced with permission from Ref. [248] Copyright 2017 Elsevier. (b) Comparing the photocatalytic activity of ZnO powders with
different morphologies ((a) in the absence of catalyst, (b) ZnO powder with irregular shaped nanoparticles, and (c) nanostructured ZnO powder with urchin-like
morphology). Reproduced with permission from Ref. [248] Copyright 2017 Elsevier. (c) Schematic illustration of the formation of urchin-like ZnO films on FTO
glass in the EPD process. Reproduced with permission from Ref. [248] Copyright 2017 Elsevier.

ZnO with urchin-like morphology and schematic illustration of the for-
mation of urchin-like ZnO film using sol-gel EPD is shown in Fig. 16. It
should be noted that to obtain powders, ZnO layers have been scraped
off the substrate for evaluation of the photocatalytic activity.
Compared with traditional morphology, ZnO nanostructures with
urchin-like morphology showed higher photocatalytic activity for the
degradation of methylene blue which could be related to their large
specific surface area, efficient light harvest, and efficient separation of
charge carriers [248]. Navidpour et al. [249] fabricated ZnO films by
EPD for the elimination of PFOA, where the addition of perox-
ymonosulfate (PMS) that can enable the production of sulfate radicals
significantly improved PFOA removal. Notably, high PMS
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concentrations deteriorated the quality of ZnO coatings. It is also worth
mentioning that the ZnO electrode fabricated at deposition time of 1 min
provided the highest photocurrent response compared to those fabri-
cated at deposition times of 2 min, 5 min, 10 min, and 20 min, signifying
the key role of thickness and its optimization in photo-
catalytic/photoelectrocatalytic applications.

The advancements in tuning the orientation of deposited non-
spherical materials could result in enhanced advantages of EPD over
gaseous-based deposition processes. However, the formation of rela-
tively thick films with good reproducibility and adhesion strength is
essential for EPD to become a leading manufacturing method in some
industries and applications [223].
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6. Conclusions

Suspended nanoparticles have inherent limitations in the photo-
catalysis technology, despite their high specific surface area. Therefore,
the immobilization of photocatalysts has received extensive attention.
This research reviewed main immobilization techniques including PVD,
spin coating, dip coating, spray pyrolysis, and EPD for the fabrication of
TiO5 and ZnO coatings for photocatalytic applications. Each deposition
process possesses its advantages and disadvantages. Notably, processes
like PVD are usually used for the deposition of thin films, whereas EPD
could be used for the deposition of thick and thin films. Overall, among
the various methods of surface engineering evaluated in this study, EPD
with the capability of the fabrication of coatings with different mor-
phologies and thicknesses is considered highly promising for photo-
catalytic applications. It is notable that EPD could reap the benefits of its
advantages:

None line of site coating method

High deposition rate

Low cost

Simple apparatus

High purity of the films

High microstructure homogeneity of the films
No need to binders/additives

Creation of uniform coatings

Capability of depositing porous microstructures
Capability of using complex-shaped substrates
Capability of using substrates with large surface areas
Control over the film thickness

Control over the coating structure

Although EPD is an industrial method of surface engineering, it
suffers from the weak adhesion strength of films on their substrate,
which can be improved by a post-heat treatment. In addition, the
thickness of coatings should be optimized since ultra-thick films could
suppress the photocatalytic performance. Therefore, certain strategies
such as sintering and controlling the film thickness are necessary to
increase the adhesion strength of the as-deposited films and to improve
their proficiency in photocatalytic applications, respectively. These
measures should facilitate the industrial applications of photocatalysis
technology in wastewater treatment.
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