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8.1 Nanomaterials for Photocatalysis

In the past few years, nanomaterials have emerged as one of the main influencers
in technology and biomedicine. The extremely small size of nanomaterials
(5-100nm) owe them miraculous properties due to their large surface area in
addition to quantum confinement. It is well known that nanomaterials can be
shaped in many forms as rods, thin films, powder, and so on [1,2]. They also can
be synthesized through several methods resulting in different shapes, sizes, and
properties [3]. Therefore, they are applied in mostly every life sector including
drugs and modifications, manufacturing, and materials, environmental issues,
electronics, energy production, and industry [4]. The photocatalysis process using
the unique properties of nanomaterials has been applied in a wide range of
applications such as degradation of pollutants from atmosphere and water. It is
also used in producing energy. Some nanomaterials such as oxides [5-7], semi-
conductors [8,9], metals [10,11], and graphene [12,13] have shown great effect on
photocatalysis processes [14,15] due to their enhanced and controllable optical
properties, which makes them excellent photocatalysts. This chapter will discuss
the mechanism of photocatalysis processes using nanomaterials and their appli-
cations. Table 8.1 shows some of the nanoparticles applied for photocatalytics
procedures. The chapter will also focus on the different types of nanomaterials
used in photocatalysis in terms of their synthesis method, microstructure, and
their optical and magnetic properties.
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Table 8.1 Some of the nanoparticles applied in photocatalytic procedures.

Nanoparticles Irradiation Mechanism of Reference
photocatalysis
enhancement
TiOy/WOs3 Sun light/solar Heterogeneous [15]
UV-visible light
ZnO/Ag UV (320-400 nm) Heterogeneous/SPR [5]
WO;3/TiO, UV (365 +5nm) Heterojunctional- [6]
electrical layered
system
p-type -FeOOH/n-type UVA (365 nm) Semiconductors [16]
WO3-H,O
Zinc and copper co-doped  Visible light (>420nm)  Heterogeneous [17]
WwWO3
N-TiO, Visible light Doping [18]
Fe-doped response TiO, Visible light Doping [19]
film
Graphitic carbon nitride Visible light Heterogeneous [12]
(g-C3N,) with graphene
oxide (GO)
TiO,/graphene oxide Visible light Heterogeneous [13]
(GO) composite
nanofibers
Gold-doped (UV) 254 nm “UV + H,0,” system [20]
PdO NPs batch system
Ag NPs on Cd(II) boron uv SPR [10]
imidazolate
Ag NPs uv SPR [21]
Ag-polymer core-shell UVA SPR [11]

NPs

Gd-doped PbSe NPs Visible light irradiation =~ Doping [8]
M,Bi,_,Ti,O, (M: Fe, UV light (>320 nm) Heterogeneous 9]
Mn) Visible light (> 400 nm)

Ni-doped CuS$ Visible light Doping [22]
Na-doped ZnO Solar irradiation Doping [23]

8.2 Mechanism of Photocatalysis

Photocatalysis is a series of chemical reactions that is usually induced by electro-
magnetic irradiation. This will cause excitation of atoms of the irradiated
materials that results in radicals that affect surroundings [5]. Photocatalysis
process can be divided into two main stages: reduction and oxidation [24].
When a material is irradiated with photons with energy equal to or higher
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Figure 8.1 Mechanism of photocatalytics process including chemical reactions.

than its bandgap, electrons in the conduction band (CB) will jump to the valence
band (VB) through the bandgap leaving positive holes, and this stage is called
reduction (Figure 8.1). As a result of reduction, the generated electrons and holes
lead to the formation of reactive oxygen spices (ROS) such as O, and OH
(oxidation). The kind of ROS depends on the type of material and irradiated
photons. A typical photcatalysis process is shown in Figure 8.1. The formation of
ROS is the significant outcome of photocatalysis, as it can cause various effects
such as degradation of dye [10] and antibacterial activity [20]. Other applications
of photocatalytic activity are mentioned in Table 8.2. A series of chemical effects
occur as a result of photocatlysis. Figure 8.1 shows example of chemical reactions
occurs during photocatalysis process.

Efficiency of photocatalysis process can be evaluated by its effect on the
surroundings such as degradation, adoption, reduction, or antibacterial activity.
The common way of evaluating the efficiency of the photocatalytic process is to
compare between the initial concentration of the unwanted substances with the
concentration of these substances after the photocatalytic reactions using the
following equation:
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Table 8.2 Applications of photocatalytic applications using nanoparticles.

Nanoparticles Application Reference

TiOy/WO;3 Degradation of steroid hormones (EES) [15]

N-TiO, Hydrogen production [18]

TiO, Food safety [25]

TiO, Degradation of tetracycline (antibiotic compound) [26]

Au-doped PdO NPs Degradation of tetrodotoxin (TTX) (water pollutant)  [20]

Ag NPs on Cd(II) Degradation of methylene blue [10]

boron imidazolate

Ag NPs Degradation of methyl orange, methylene blue, and [21]
rhodamine chloride

Gd-doped PbSe NPs Degradation of sulfasalazine degradation (8]
(pharmaceutical compounds)

Ag-TiO, Degradation of acetaldehyde (air pollutant) [11]

M,Bi,_,Ti,O, Degradation of methyl orange [9]

(M: Fe, Mn)

Ni-doped CuS Degradation of RhB [22]

Na doped ZnO Degradation of RhB [27]

g-AgBr/Al-MCM-41 Degradation of basic fuchsin, crystal violet, and (28]
aniline toxic organic compounds

Nano-WO; Antimicrobial applications [29]

where C, is the initial concentration, C, is the reaction concentration, k is the
reaction rate constant, and ¢ is time between the two concentrations [22].

The efficiency of photocatalysis activity depends on the yield of the created
electrons and holes [8]. The recombination of the electron—hole pair is one of the
main factors that reduce the efficiency of the photocatalytic activity [16], and hence
attempts were made to diminish the recombination rate by applying voltage to
create a current that ensures separation between holes and electrons (photo-
electron catalysis) [16]. Graphitic carbon nitride (g-C3N,4) nanosheets [30] were
applied for photoelectrocatalysis for the degradation of phenol from water under
visible and UV light using different voltage ranging from 0.5 to 3V (Figure 8.2). It
was found that the degradation rate increases with increasing the bias voltage,
reaching its maximum at 2.5V when the phenol degraded completely after 5h
(Figure 8.2b). This was explained by the higher rate of hole generation at higher
voltage and hence higher production of free radicals that promotes the photo-
gdegradation rate. However, when the voltage exceeded a certain limit (2.5 V), the
degradation rate started reducing again due to the rearrangements of layers in the
media (space charge layer and Hector Helmhotz layer). The effect of external bias
was also obvious when TiO, hollow spheres were used to remove toxic Cr (VI) from
wastewater by applying an external voltage that increased the removal rate of Cr
(VI) by 28% [31]. The voltage applied in this case ranged from 1 to 10 V and it was
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Figure 8.2 (a) Mechanism of hetrostructure photocatalysis. (b) PEC degradation mechanism
of phenol by g-C3N4 film electrode [30] (c). The rate constants for EC degradation activity of
g-C3N, film electrode for phenol at various potentials in 0.1 M Na,SO, solution (reproduced
with permission from Ref. [30]. Copyright 2016, Elsevier). (d) Schematic diagram of the
interdigital electrode/WO5/TiO, HEL system (Al,Os substrate, Au interdigital electrode layer,
WOs; layer, and TiO, layer from bottom to top) [6]. (e) Comparison of photocatalytic
decomposition rates of toluene between S-T and S-W/T with no bias and 0.2V bias
(reproduced with permission from Ref. [6]. Copyright 2011, Elsevier).

found that voltage applied did not dramatically affect the degradation rate. In
general, it has been stated that phoroelectrocatlysis not only reduces recombination
but also allows electrochemical oxidation that significantly increases the photo-
gedradation rate [31].

Another effective way to decrease the recombination rate is the use of
heterogeneous structure (a mixture of different materials) [24]. This allows
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electrons to move to other atoms in the structure, generating internal current that
well separate hole—electron pairs [24]. This nanostructure can consist of a
mixture of two oxides as TiO,/WO3; nanocomplex for the degradation of steroid
hormones from water under solar light. It was proved that hybrid complex
provided the maximum degradation rate (54%) in comparison with TiO, alone
(38%) [15]. Moreover, two types of semiconductors were combined when n-type
WO3 and p-type y-FeOOH complex showed enhanced photocatalysis for degra-
dation of rhodamine blue (RhB) from water [16]. Heterogeneous photcatalysis
was also applied using a nanocomplex of zinc and copper codoped WO3 prepared
by precipitation and coprecipitation methods [17]. It was shown that such
complex provided the maximum inhibition zone as an antibacterial under visible
light (10.65 mm), while pure WO3 provided only (6.24 mm).

Heterogeneous structures can include plasmonic metal (Ag [5] or Au [14] that
produce surface plasmon resonance (SPR), so electrons accumulate on the surface
of the structure separating them effectively from holes and hence producing more
ROS and promoting photocatalytic activity. Furthermore, heterojunctional-elec-
trical layered system can be applied to achieve outstanding photocatalysis activity [6]
as WO3/TiO, nanocomplexes (Figure 8.2c) have shown better degradation per-
centage under 0.2V to remove gaseous pollutant (Figure 8.2d).

8.2.1 Enhancement of Irradiation Absorption

The radiation applied in photocatalysis often ranges from ultraviolet (UV) to
infrared including visible light. It is very essential that the energy of the applied
radiation matches or is higher than the energy of the bandgap of the photo-
catalysis material. Some reported techniques are applied to enhance the absorb-
ance of irradiation by the photocatalyst materials. These approaches can be
explained as follows:

a) Doping: Doping with an element that has a high optical absorption is one of
the effective ways of altering the bandgap to match the energy of the desired
radiation and hence have a better radiation absorbance that enhances the
potocatalytic activity [18,23,27,32]. For example, dopping TiO with nitrogen
will reduce its bandgap from 3.2 to 2.5eV and hence allow solar light to be
absorbed [18] (Figure 8.3a). It was also reported that sol-gel ZnO nanocrystals
doped with Na ions resulted in better absorbance compared to pure ZnO [27].
The obtained photoluminescence (PL) Spectra indicates that the amount of
Na content affect the absorbance intensity. It was shown that a small amount
of Na (0.5%) reduced absorbance around 60% in comparison with pure ZnO,
while at 3% of Na, the absorbance raised by 55% [27]. It is very important to
notice that the best radiation absorbance is not necessarily attributed to the
best photocatalytic efficiency [9]. In the above case [27], the least absorbance
with 0.5% Na has actually showed the most efficient degradation of RhB dye;
that is, the most efficient photocatalysis.

In some cases, doping itself resulted in reduction in photocatalytic rate [19].
This was shown when TiO thin films were doped with Cu [32] as higher
amount of Cu resulted in less efficient photocatalytic activity. Higher amount
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Figure 8.3 (a) Energy-level diagrams for undoped and N-doped TiO, [18] (reproduced with
permission from Ref. [18]. Copyright 2017, Elsevier). (b) Silver core-shell nanoparticles with
silver core and an ultrathin shell [11] (reproduced with permission from Ref. [11]. Copyright
2017, Elsevier). (c) UV-vis absorption spectra of core-shell silver nanoparticles as a function
of adsorbed polyelectrolyte layer. The red arrow indicates the redshift in SPR peak position
[11] (reproduced with permission from Ref. [11]. Copyright 2017, Elsevier). (d) Mechanism of
plasmonic photocatalysis involving SPR effect (reproduced with permission from Elsevier).

of Cu could actually destroy the active catalyst sites or it could increase
recombination of electron and ions that, eventually, lowers the photocatalytic
activity. Similarly, when doped titanium nanocomposites (PTh/Sn-TiO,) were
used in photocatalysis with different dopant concentrations, a certain amount
of concentration (1.5 wt %) revealed the most efficient result in the degradation
of Congo red (CR) dye (almost 0% of CR in 120 min).
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b)

Photosensitization of semiconductor: It is reported that involving semi-
conductor in photoctalysis process, whether as a dopant or as part of a
heterogeneous structure, would highly enhance the efficiency of photocata-
Iytic activity resulting in a high rate of oxidation (even in low concentra-
tions [8,24]. This is due to their large bandgaps in comparison to their bulk
counterpart [8]. A study showed that the application of a heterogeneous
structure M,Bi,_,Ti,O; where (M: Fe, Mn) nanocomplex enhances the
photocatalytic activity and hence the degradation of methyl orange (MO)
dye [9]. Also, Gd-doped PbSe nanoparticles [8], have shown high efficiency
under visible light at 8% Gd content for the degradation of sulfasalazine (SSZ).
This Gd content was found to be the optimum doping content with a bandgap
of 2.8 eV in comparison to 4 (2.7 eV), 12 (2.5eV), and 20% (4.7 eV) [8]. This
indicates that the size of the bandgap is not, in fact, the main influencing factor
in photocatalytic activity, as the high concentration of Gd ions cause further
recombination and hence lower photocatalytic activity even with a larger
bandgap.

Another semiconductor that was investigated lately is CuS doped with Ni

ions giving an excellent photocatalytic activity through 98.46% efficiency at 3%
Ni in the degradation of RhB dye [22].
Plasmonic enhanced photocatalysis: As mentioned before, one of the effective
procedures to improve photocatalytic activity is the use of noble metals as a
part of heterogeneous structure such as Au [11] and Ag [33,34] to generate
SPR. It is well know that under irradiation of visible light or near infrared
region, noble metals produce free electrons that resonate on their surface [35]
and hence broaden the range of the absorbed irradiation [28]. In other
words, when noble metals are irradiated with an electromagnetic wave, their
conduction electrons will collectively oscillate and result in resonant scattering
and absorption peak in the visible to the NIR region [35]. Recently, researchers
focused on Ag nanoparticles (Ag NPs) as a superb photocatalyst owing to their
low electronic bandgap that improves absorption beside SPR effect [21].

Photocatalytic activity of Ag NPs can be applied for the degradation of
organic dyes from wastewater [21]. Very low absorption of MO dye was
obtained after photocatalysis process, indicating a high degradation rate of the
dye (94%) under UV irradiation. Ag NPs strongly absorb UV irradiation
producing electrons on its surface that boosts photocatalytic effect [21].
Furthermore, Ag nanoparticles were successfully applied with TiO, in a
gas-phase photocatalysis for acetaldehyde (an air pollutant) degradation [11].
TiO, NPs were coated with Ag (core—shell nanocomposite) to achieve more
stable results. It was also shown from UV-vis absorption spectra that the
absorption peak of the core—shell nanostructure can be controlled by changing
the thickness of the Ag layer [11] (Figure 8.3b and 8.3c).

Moreover, Ag were involved in nanoparticle complex of Ag-AgBr/Al-
MCM-41 for the adsorption of some toxic organic compounds from waste-
water. It was shown that such complex showed a rapid adsorption of basic
fuchsin (BF) compound in comparison with other complexes. This complex
showed the highest absorbance in UV-vis absorbance spectra [28]. Moreover,
SPR effect can be combined with surface-enhanced Raman scattering (SERS)



8.2 Mechanism of Photocatalysis

in order to monitor the reaction process by the real-time SERS spectrum and
relate it to the photocatalysis results [34], which has significant importance for
mechanism study and reaction condition optimization [34]. A general illus-
tration of photocatalysis process including SPR effect is shown in Fig. 8.3d.

8.2.2 Factors Affecting Photocatalytic Procedure

During photocatalysis some factors can affect the surrounding medium and hence
control the efficiency of the photocatalystic activity. This include pH [20,26,31],
initial concentration [8], stirring rate [5], reaction, light yield, and distance
between the light sources and the medium [5].

For Au-doped PdO tested in photocatalysis, it was found that the pH of the
medium has a great influence on degradation of tetrodotoxin under UV
irradiation (Figure 8.4a). As the pH of the medium was reduced from 11 to 5,
the degradation efficiency significantly increased from 55 to 95%. This is due to
the high number of OH ions generated in high pH medium that inhibits the
production of some ROS that cause degradation [20]. Similarly, when TiO,
nanospheres in photoelectrocatalysis were used for the adsorption of Cr(VI),
adsorption efficiency increased from 65.4 to 100% when pH medium was lowered
from 12 to 2. More hydrogen ions in low pH medium would help in the generation
of more ROS that enhance adsorption. It is also concluded that lower pH medium
also helps the heavy metal to adsorb around the surface of the photocatalyst [31].
On the other hand, other studies showed that higher pH of the medium is more
suitable for photocatalysis [26]. In photocatalysis of TiO, at pH 11, tetracycline
degradation reached 72% in comparison with 46% at pH 2. This was related to the
production of ROS, too, as hydroxyl (OH) was predicted to be increased with
increasing pH of the medium and hence boost degradation [26].

Moreover, it was proved that the initial concentration of the medium is very
essential in assessing the photocatalysis activity. In the photcatalysis of Au-doped
PdO NPs for the degradation of SSZ, it was shown that higher initial concentrations
of SSZ resulted in less amount of degradation rate and vice versa (Figure 8.4b) [8].
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Figure 8.4 (a) Effect of the pH concentration on the TTX degradation (reproduced with
permission from [20]. Copyright 2017, Elsevier) (b) The effect of initial concentration of the
SSZ on the degradation efficiency. Experimental conditions: [8% Gd-doped PbSe]0=1gI™"
(reproduced with permission from Ref. [8]. Copyright 2011, Elsevier).
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8.3 Synthesis of Photocatalytic Materials

Numerous methods have been established in the synthesis of photocatalytic
materials during the past decade because of their applications in processes such as
wastewater and effluents treatment [36], which includes degradation of organic
dyes [37] and volatile organic compounds [38], antimicrobial, antibacterial, and
antioxidant activity [39], solar cell applications [40], photocatalytic self cleaning
effect [41], hydrogen generation [42], food packaging [43], and biomedical and
medical applications [44].

Numerous studies have explained that the intrinsic properties of photocatalytic
materials can be effectively tailored by controlling their size, shape, composition,
crystallinity, and structure. The growth of nanoscale materials rely on factors such
as their thermodynamic and kinetic barriers in the reaction. It is also influenced
by vacancies, defects, and surface reconstruction. Most synthetic methods for
synthesizing nanomaterials use conventional heating due to the need for high-
temperature-initiated nucleation followed by a controlled addition of precursor
to the reaction.

The preparation of photocatalytic nanocomposite materials can be ideally
divided into three main steps: (i) synthesis of an effective photocatalyst, (ii) its
surface functionalization to enhance reactivity, and (iii) its incorporation in the
most suitable host matrix according to the final application. Various methods
have been developed for the synthesis of these property-tailored materials, which
include hydrothermal, coprecipitation, sol-gel, ultrasonic impregnation, ionic
liquid-assisted photochemical synthesis, electrochemical synthesis, solvotherml,
facile chemical impregnation, microwave-assisted synthesis, and so on. In this
section, recent progress in modern material science for the synthesis of photo-
catalytic materials, as well as advances achieved in their functionalization to tune
their surface chemistry, will be presented and discussed. The next section focuses
on the various nanoparticles that are employed in a wide range of applications of
photocatalysis, see Figure. 8.5.

Dyes Medications
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Antibacterial P G \_ Reduction
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Figure 8.5 Photocatalysis applications of nanomaterials.
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8.3.1 Hydrothermal Method

Hydrothermal synthesis has been identified as the most popular, gathering
interest from scientists and technologists of different disciplines, particularly
in the last 15 years. The word “hydrothermal” has geological origin, a self
-explanatory word, “hydro” meaning water and “thermal” meaning heat [45].

This method is used to produce different chemical compounds and materials
using closed-system physical and chemical processes flowing in aqueous solu-
tions at temperatures above 100 °C and pressures above 1 atm [46]. It includes the
ability to synthesize crystals of substances, which are unstable near the melting
point, and large crystals of high quality. Substantial enhancement of synthesis by
the use of additional external factors facilitates control of the reaction medium
during the synthesis process. This approach is implemented in various options
such as hydrothermal-microwave [47], hydrothermal-ultrasonic [48], hydro-
thermal-electrochemical [49], hydrothermal-mechanochemical [50], and hydro-
thermal-sol-gel [51].

A number of photocatalytic materials were synthesized by employing hydro-
thermal methods, including titania, silver, grapheme-based catalyst, cadmium
and nickel sulfides, mixed metal oxide, rare earth metal oxides, and so on.

8.3.1.1 Titanium-based Photocatalyst
TiO, is a low-cost, nontoxic, and highly photostable material. Its photosensitivity,
biological inertness, and unique optical properties make it very promising for the
photocatalytic degradation of pollutants. However, photocatalysis on titanium
dioxide is still limited by its UV band wavelengths (220-400 nm), and potentially
limited photocatalytic activity can be expected in the visible spectral region or
under solar irradiation (>290 nm) [52]; in addition, the low quantum yield due to
the recombination of electron—hole pairs limits its practical application. Various
attempts to limit this recombination have been reported, such as metal ion or
nonmetal doping of the crystalline TiO,, incorporation of noble metals in TiO,
matrix, and composites with carbonaceous materials and other metal oxides [53].

Shixiong et al. have prepared TiO,/graphene involving a two-step ultrasonic
hydrothermal method. The precursor 1,3,6-trinitropyrene (TNP) was dispersed
in an alkaline medium followed by the addition of TiO, and sonication. The
hydrothermal reaction was performed in an electric oven, the resulting product
was collected by filtering, and then washed and dried (Figure 8.6). The alkaline
medium facilitates the intermolecular fusion of TNP onto the graphene trans-
forming it to graphene quantum dots (GQDs) under mild hydrothermal condi-
tions, envisaging a strong chemical interaction between TiO, nanoparticles and
GQDs. The method generated uniform particle size with exclusive nanoparticles
and almost defect-free graphene domains. GQDs content in TiO,/GQDs is easily
tuned by simply varying the addition amount of TNP precursor during the
preparation process. By optimizing the amount of TNP, the photocatalytic H,
evolution performance and photocurrent response of TiO,/GQDs composite
photocatalyst are enhanced [54].

Heterostructured photocatalyst of titanium was reported by Zhang et al. The
authors succeeded in preparing Bi;»TiO5-Bi; WOg heterostructures by a facile
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Figure 8.6 Schematic diagram of hydrothermal method of synthesis.

hydrothermal method. The morphology comprised of regular tetrahedrons and
nanoflakes. The obtained heterojunction was found to posses higher photo-
catalytic ability for the degradation of RhB under exposure to UV-visible
light [55].

Dispersion of gold (Au) NPs onto the surface of titanium oxide by hydro-
thermal method was reported by Malik et al. to prepare for obtaining a hetero-
geneous catalysts. A well-ordered 2D regular hexagonal porous nanostructure
with long stripe-like channels was obtained characteristically. The presence of
TiO, NPs in pore channels of SiO, assist in the homogeneous and uniform
dispersion of Au NPs. The prepared catalysts show significant impact in enhanc-
ing the photocatalytic performance of Au-TiO,/SiO, nanocomposite toward
reduction of rose bengal (RB), methyl blue (MeB), RhB, and CR [56].

Many publications reported on doping (anion and cation impurities) and on
developing TiO,-based composites combining n—n semiconductors (TiO,/SnO,,
TiO,/ZnO, and TiO,/WO3) or n—p junctions (TiO,/NiO,,TiO,/Cu,S, and TiO,/
CuO,), or by activating TiO, with noble metals (Pt,Pd, and Au/TiO,) [57]. Other
metal (Cr, Ni, Cu, and Nb) doped TiO, [58], fluorinated anatase TiO,/reduced
graphene oxide nanocomposites [59], silver (I) oxide/titanium dioxide hetero-
junctions [60], Li-doped PbTiO; perovskite [61] are also reported for various
photocatalytic applications.

8.3.1.2 Silver-based Photocatalysts

Ag-based materials are identified as important photocatalysts because of transfer
and separation of carriers [62], as well as better electrocatalytic activity [63]. The
synthesis of Ag-based materials is of great interest to the scientific community
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because of their numerous applications in catalysis, electronics, photonics,
optoelectronics, sensing, and pharmaceuticals. The antibacterial activity of Ag
NPs has been proven by various studies and consequently they have been
incorporated into many commercial products. Due to their strong visible
light-driven response, Ag-based semiconductors are utilized also as promising
photocatalysts.

Most of the Ag-based semiconductors could exhibit high initial photocatalytic
activity. But they suffer from poor stability because of the photochemical
corrosion. Designing heterojunction, increasing specific surface area, enriching
porous nanostructure, regulating morphology, controlling crystal facets, and
producing plasmonic effects were considered as effective strategies to improve
their photocatalytic performance. Combining the superior properties of carbon
materials (e.g., carbon quantum dots, carbon nanotube, carbon nanofibers, and
graphene) with Ag-based semiconductor has also produced high efficient com-
posite photocatalyts [64].

A direct Z-scheme-type photocatalyst WO3/AgsPO, composite (molar ratio
1:1, 1 W/1Ag) was prepared by Jinsuo et al. using hydrothermal method. SEM
observations of AgzPO, at different magnifications, reveal large quantities of
polyhedral particles with size of 10—15m and high surface area. The edges and
angles of the crystalline grains are regular and distinct, with some defects on the
crystal surfaces, which act as active sites for the degradation reaction of methylene
blue (MB) and MO organic dyes under visible light with a removal rate up to 95%.
The enhanced performance of the catalyst was attributed to their relatively high
surface area, strong light absorption, matched energy band structure, and the
improved separation of photogenerated charge carriers between the two
components [65].

Li et al. synthesized Ag*-carbon dots (CDs)-Bi,WOg ternary composite with
excellent solar light-driven photocatalytic performance using hydrothermal
impregnation method. The as-prepared catalyst exhibited uniformity in diameter
without aggregation and micropores (0.5-2 pm). Ag*-carbon dots (CDs)-Bi, WO
displayed superior photocatalytic efficiency with nearly 100% removal of TC
(20mgl™) in 20 min and 64% mineralization in 90 min [66)].

Solar light-responsive Ag/AgCl/WO; photocatalyst was successfully synthe-
sized by Adhikari et al. employing the microwave-assisted hydrothermal process.
The composite photocatalyst has mixed morphology composed of rectangular
plate-like and round-shaped WOj particles. AgCl NPs have an average diameter
of 30 nm and possess two different morphologies: spherical and (some are) oval.
Moreover, AgCl NPs are attached to WO3; NPs and heterojunction is formed. The
TEM image exhibits Ag NPs having diameter in the range of 10-20nm in the
composite. It is revealed that the distribution of Ag and AgCl nanoparticles in the
composite photocatalyst is found to be heterogeneous, which is due to the
hydrothermal treatment and it was carried out after the photoreduction of Ag
NPs. The composite photocatalyst exhibited much higher photocatalytic activity
compared to commercial WO3; powder that can be ascribed to the surface
plasmon resonance effect induced by Ag NPs. This work provides an insight
into the further fabrication of Ag/AgCl/WO3; composite system in order to obtain
highly active visible light-responsive photocatalyst [67].
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Numerous ternary metal oxide photocatalysts have been reported in literature,
such as AgVOy [68], AgMO, (M=Al, Ga, and In) [69], Ag,CO5 [70], and
AgsPO, [71] that have been found to exhibit enhanced photocatalytic perform-
ance under visible light irradiation (VLI), compared to the traditional TiO,
photocatalyst.

8.3.1.3 ZnO-based Photocatalyst

ZnO is a versatile smart semiconductor that gained attention due to its wide range
of technological applications in photocatalysis [72], field-effect transistors [73],
chemical sensors [74], field emitters [75], transparent conductors [76], ultraviolet
light emitting devices [42], and so on. Its importance in technological applications
comes from its wide direct bandgap of energy 3.37 eV at room temperature and a
large exciton binding energy of about 60 meV along with the electrical and optical
properties of a II-VI semiconductor. ZnO has excellent thermal and chemical
stabilities, a large piezoelectric constant, and an easily modified electric conduc-
tivity. The physical properties of ZnO are highly dependent on particle morphol-
ogy, size, aspect ratio, orientation, and so on, which designs its technological
applications. Consequently, significant scientific efforts have been devoted to the
synthesis of shape-controlled ZnO nanostructures to explore its potential as a
smart and functional material. Numerous nanostructured ZnOs with various
morphologies have been fabricated, such as nanowires [77], nanosheets [78],
nanotubes [79], and nanoflowers [80]. Controlled growth of hierarchical nano-
structured ZnO has also received particular attention in the development of more
complex structures.

Different flower-like ZnO nanoarchitectures were synthesized by Shuwang
et al. adopting facile hydrothermal method and using CO (NH,), and N,H, as
alkali sources simultaneously. Ultralarge ZnO macroflower was constructed by
the ultrathin leaf-like nanobelts and hollow semisphere-like, sphere-like, and
apple-shaped NPs simultaneously. The diameter of an individual flower reaches
90 mm. Meanwhile, three or five flower-like ZnO nanostructures with different
diameters, lengths, and tips (planar, semipyramid, and/or pyramid tips) are
formed simultaneously under the same reaction condition. The photocatalytic
activity and photocurrent strongly depend on the defect intensity of ZnO crystals
and its unique morphology [72].

Senay et al. synthesized ZnO and different noble and transition metals (Ni, Mn,
Fe, and Ag) doped ZnO (M/ZnO) nanostructures by hydrothermal method.
Results confirmed the formation of well-dispersed Ni and Ag NPs and highly
agglomerated Mn and Fe NPs on the surface of ZnO nanostructures. The
degradation rate of tartrazine was studied and obtained at a maximum rate of
98.2% in 60min using Ni/ZnO. Doping transition metals may change the
nucleation rate of ZnO and hydrothermal process is helpful for the growth of
such hexagonal M-Zn-O nanorods. The metal atoms are both incorporated in
ZnO lattice or substituted with some Zn atoms in ZnO lattice and dispersed or
agglomerated onto ZnO nanostructure surfaces during the noble and transition
metals doping process [81].

Core—shell ZnO/oxygen-doped g-C3N, nanocomposite was prepared by
Zheng et al. via hydrothermal method with the addition of hydrogen peroxide
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(H203). The size of the prepared nano-ZnO is about 20~30 nm. The g-C3N,
nanosheets appear as loose and soft agglomerates with a dimension of 1~2 pm.
Speculation is that the smaller ZnO NPs tend to form larger ZnO particles
hydrothermal process. The size distribution of ZnO/oxygen-doped g-C3N, does
not show obvious changes when compared to pure nano-ZnO, indicating that the
size of ZnO/oxygen-doped g-C3;N, NPs can be controlled effectively with the
addition of hydrogen peroxide. In the process of hydrothermal reaction, g-C3Ny
nanosheets were oxidized by hydrogen peroxide and then dehydration reaction
occurs between C-OH groups to form the C-O-C groups, resulting in a relatively
stable oxygen-doped g-C3N, nanosheets wrapped on the surface of ZnO NPs. In
the process of hydrothermal treatment, oxygenous groups were introduced to
g-C3N,, which was helpful for the formation of core—shell nanostructure. Core—
shell ZnO/oxygen-doped g-C3N, architectures can provide a large interfacial area
forming rapid charge separation and consequently increase the carrier separation
efficiency. Oxygen-doped g-C3N, NPs could also enhance the carrier separation
efficiency and extend the range of light absorption. The photocatalytic perform-
ance of ZnO/oxygen-doped g-CsN, NPs were found to be significantly
enhanced [82].

8.3.2 Sol-Gel Processing

One of the most successful methods adopted for the synthesis of photocatalytic
materials is the sol—gel processing route under appropriate experimental conditions.
The sol-gel process involves the combination of chemical reactions that turns a
homogenous solution of reactants into an infinite molecular weight polymer. This
polymer is consisted of three-dimensional interconnected pores. The polymer is
isotropic, homogeneous and uniform and it replicates its reactants exactly and
miniaturizes all features without distortion. A variety of reaction conditions are
employed for suitably architecturing the photocatalytic materials (Figure 8.7).

At present, the sol-gel method for processing materials is coupled with other
distinctive methods of preparation in order to tailor the morphology and
properties of the materials. For example, sol-gel hydrothermal [83], sol-gel-
assisted electrospinning [84], sol-gel microwave [85], sol—gel ultrasonic [86], and
so on. A variety of photocatalytic materials are synthesized by adopting the sol—
gel method, which includes traditional titanium-based materials [87], ferrites [84],
aluminum-doped materials [88], and so on.

8.3.2.1 Titanium-based Materials

Wenjie et al. prepared Al-In-codoped TiO, photocatalyst through the sol—gel
method. The precursors were dissolved in ethanol, followed by the addition of
tetrabutyl titanate and hydrochloric acid under continuous strring. The obtained
gel was dried at 80 °C for 8 h and subsequently grounded and calcined at 400 °C
for 3 h. The crystallite sizes of xAl-3% In-codoped TiO, samples with Al content
ranging from 0.2 to 2% are 6.0, 5.7, 6.2, and 6.3 nm. Doping of Al and In within
TiO, matrix hinders crystallization and agglomeration of TiO, crystals during the
synthesis process. The codoped xAl-3%In-TiO, materials have improved adsorp-
tion capacity and photocatalytic activity [87].
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Figure 8.7 Schematic diagram of sol-gel method of synthesis.

An unusual sol-gel method utilizing novel and less chemical materials in addition
to simple procedure was proposed by Masoud et al. to synthesize ZnTiO3; nano-
structures. Initially, the precursors along with chelating agents were dissolved in
ethanol, stirred and kept in an oven at 60 and 70 °C, and finally grounded and calcined
at 700, 800, and 900 °C for 3h. A large number of separate, small and uniform
particles were observed after calcination at 700 °C. It is found that the amorphous gel
can be transformed into pure ilmenite-type ZnTiO; through calcination at 700 °C.
The effect of pH on the growth process and morphology can be related to the
formation of gel in sol-gel method. Since sol-gel method is a chain process, the
synthesis of nanomaterials of quality and properties of the obtained product (gel) in
this method depend on the intermediate steps. The most important steps for the
formation of gel are prehydrolysis, hydrolysis, and polycondensation. At low pH, the
effective density of H* ions in the sol is high and hydronium ions (H3;O") arises from
the higher amount of H" ions, which prevents the hydrolysis and condensation
process under low pH condition. Consequently, at the end of polycondensation
process, the gel network resembles only to a linear polymer structure, leading to
agglomeration and formation of larger aggregates. On the other hand, when the pH of
sol is raised to 9, the effective density of H* ions is reduced, which causes an increase
in the OH ions. The addition of NH,OH (for increasing pH) also favors this process.
As a result, the hydrolysis and polycondensation rates for the formation of gel are
faster when the precursor sol is in higher pH [89].

Chunquan et al. has reported g-C3N,4/TiO; hybrid photocatalysts synthesized
through a modified sol-gel technique with varying the weight ratio of g-C3N,
under facile conditions. The g-C3N, powder is dispersed in a mixture constituted
by mingling ethanol with acetic acid and then stirred for 30 min. Second, TBOT
(tetrabutyl titanate) was added in drops to the g-C3N, suspensions under
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continuous stirring. The pH was adjusted to lead the hydrolysis of TBOT at a
moderate rate. The mixture was then stirred continuously for 12 h to immobilize
TiO, colloids onto the bulk g-C3N4. Finally, the obtained product was dried in an
oven at 105 °C for 12 h, followed by calcination (500 °C for 2 h in air, heating rate
of 2.5 Cmin™"). A mesoporous photocatalysts material is obtained with a pore size
in the range of 2—-10nm, which is beneficial for the adsorption of contaminant
molecules in water. The dispersivity of TiO, NPs deposited on the surface of
g-C3N, nanosheets is significantly improved. TiO5 NPs in g-C3N4/TiO, become
more dense and uniform and produce an excellent heterojunction effect, which
would be beneficial for the transfer of photogenerated electrons and the improve-
ment of photoactivity. g-C3N4/TiO, possesses an irregular lamellar structure, and
the loaded TiO, NPs are uniformly and densely distributed without obvious
aggregation on the surface of g-C3N, nanosheets, which exhibits a good hybrid
effect between g-C3N, and TiO,. The photocatalyst reveals a close interface
between g-C3N, and TiO, clearly by the facile sol-gel method [90].

8.3.2.2 Aluminum-based Materials

Aluminum-based photocatalytic materials exhibit superior strength, hardness,
toughness, and coefficient of thermal expansion. Aluminum is the most com-
mercially important simple metal. The overwhelming applications of aluminum-
based materials are due to their superior physicochemical features. For example,
Al,O3 has application in diverse fields ranging from medical, military, and
industrial purposes. Aluminum (Al) nanomaterials act as drug delivery systems,
which could encapsulate the drugs to increase solubility for evading clearance
mechanisms and allowing the site-specific targeting of drugs to cells [91].
Al-based photocatalysts are found to be highly used in photoluminescence
and photodegradation [88]. A few examples are discussed below.

Single-phase TiO,-Al,O3-mixed oxides were successfully synthesized by the
sol—gel method as reported by Young-Soo et al. [92]. XRD patterns and Raman
spectroscopy confirmed that the addition of Al maintains the anatase phase.
Samples with high Al content (more than 90%) remained amorphous even after
calcination at 800 °C, and well-crystallized structures were achieved after calci-
nation at 1000 °C. Phase transformation of pure titania from anatase to rutile was
observed above 400 °C. When a small amount of Al was added; however, anatase
phase was maintained even after calcination at 800 °C. The added Al seems to be
highly dispersed and acts as a stability promoter for anatase phase. With the
increase of Al content, pore size steadily decreased, resulting in the increase in
surface area. BET surface area was found to be strongly dependent on composi-
tion, and all mixed oxides showed much higher surface area than either pure TiO,
or Al,O;. The enhanced photocatalytic activity of mixed oxides was most
probably due to the higher surface area and maintenance of anatase phase.

Mousumi et al. [88] reported facile synthesis of Al-doped ZnO-polyaniline
hybrids by combining both sol—gel and in situ oxidative polymerization process.
First, the precursors were dissolved in methanol and subjected to the sol—gel
process at 60 °C for 2 h under magnetic stirring until a clear white gel was formed.
The gel was cooled down to room temperature and kept for 24 h. The dried gel
was calcined at 500°C in air for 2h. Then the chemical in situ oxidative
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polymerization was adopted to prepare the ZnO-polyaniline hybrids. The
morphology of nanostructured Al-doped ZnO (AlZnO) from TEM images
showed nanorods with a diameter less than 100 nm. Superior photoelectrochem-
ical performance and enhanced visible-light-assisted photodegradation of organic
contaminants was obtained by the as-prepared Al-doped ZnO—polyaniline (PAZ)
hybrid.

Mesoporous Al,O3 with a highest specific surface area was synthesized by the
sol-gel method as reported by Tzompantzi et al. [93]. These mesoporous
materials were found to have a shape of bottleneck interconnected. The materials
dried at 100 °C and annealed at 400 °C show the highest specific surface area,
while calcination over 400 °C shows a decrease in the specific surface area, from
412 m* g~ for the sample dried at 100 °C to 278 m*> g~ for the sample calcined at
700 °C. The highest values of pore diameter correspond to materials calcined at
400 and 500 °C. This behavior is due to some internal changes in the material, that
is, partial dehydroxylation during the calcinations processes. The study revealed
that highly hydroxylated alumina, even after calcination over 600 °C, can be
obtained by the sol-gel method. XRD Rietveld analysis indicated that sol—gel
Al,O3 annealed at 400 °C presents an important deficiency in Al. The modifica-
tion in Al—O bonds distances observed suggest the formation of point defects,
which can be responsible for the photocatalytic activity of hydroxylated Al,O3. An
important shift in the UV—vis absorbance to the visible region was observed in the
sol—gel Al,O3 annealed at 400 °C. All of the sol—gel Al,O3 samples dried at 100 °C
and annealed at 400, 500, 600, and 700 °C, respectively, were photoactive for the
degradation of phenol.

8.3.2.3 Synthesis of Ferrite

Ferrite NPs have long been of much scientific and technological research interest
due to their applications in electronics [94], magnetic recording media [95],
ferrofluids [96], catalysis [97], and in gas sensors [98]. Significant research efforts
have been made toward using these nanomagnetic particles as MRI contrast
agent [99] and in drug delivery systems [100]. The physical and chemical
properties of ferrite nanocrystals are greatly influenced by the synthesis route,
and for this reason various approaches have been investigated. The sol—gel
method is one of the simplest approach for the synthesis of ferrites.

CayFe,0O5 nanofibers were synthesized by sol—gel-assisted electrospinning and
calcined at 500°C for 2h, as reported by Xu et al. [84]. The diameter of all
nanofibers after calcination exhibited shrinkage owing to the decomposition of
PVP (polyvinyl pyrrolidone) and the formation of Ca,Fe,Os nanofibers. The
nanofibers adhere well with each other. The surface of the sample appear porous
in structure with an average diameter of 200 nm. Nanofibers after calcination are
crushed into short belt-like fibers because fibers with larger aspect ratio could
be formed following buckling with the increase of precursor concentration. The
photocatalytic efficiency for the decomposing RhB solution is attributed to
the effect of higher specific surface area, favouring increase in the number of
active sites during photoreaction. TEM observations and pore-size distribution
indicated a wide pore-size distribution, further confirming the presence of a large
number of irregular pores. The BET surface area of the sample was found to be
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38.28 m” gl. The large surface area for heterogeneous photocatalysis can provide
more surface active sites for the adsorption of reactant molecules, making the
photocatalytic process more efficient. This synthetic method may be extended to
prepare other ternary metal oxides at relatively low temperatures. A rugby-shaped
SrFe,O,4/reduced graphene oxide (RS-SrFe,O4/RGO) composite with high pho-
tocatalytic activity was prepared by Danfeng et al. by adopting a ultrasonic-
assisted sol—gel route [84]. The precursor metals along with the gelling agent
citric acid are dissolved in double-distilled water solution under vigorous stirring
at 60—70 °C. The molar amount of citric acid added is equal to that of Sr(NO3), in
the solution. The citric acid helps the metal ions to get dispersed in homogeneous
solution. Ehylene glycol is used as dispersant and stabilizer. The pH value of the
mixture was adjusted to pH 3 by using NH;3-H,O. After stirring for 30 min,
thiourea was added. A gel-like precursor was obtained by using ultrasonic
irradiation for 1h at 80°C, then heated and burned to form a loose powder.
Finally, the as-obtained powder was subjected to calcination at 700 °C for 8 h
(6°Cmin~"). The morphological observations showed a uniform rugby geomet-
rical shape with an average length of 1 pm and a diameter of 500 nm. RS-SrFe,O,
was distributed uniformly on the surface of reduced graphene oxide (RGO)
nanosheets and an enhanced photocatalytic activity for RSSrFe;O4/RGO is
observed by this unique method of synthesis [86].

8.3.3 Microwave Method

Microwave (MW) heating method can address the problem of heating
inhomogeneity. It is well known that the interaction of dielectric materials,
liquids, or solids, with microwaves leads to dielectric heating [101]. The use of
MW irradiation provides increased reaction kinetics and rapid initial heating,
which results in enhanced reaction rates. This also provides energy efficiency by
reducing the reaction time from hours to minutes compared to conventional
heating methods, which culminates in clean reaction products and higher yields.
By judiciously choosing the solvents and reactants, the precursors can be
selectively heated to produce specific nanostructures. As a result, the use of
MW irradiation as an efficient, environment-friendly, and economically viable
heating method for the production of nanomaterials has increased significantly.
Even household microwave ovens have been used to prepare nanoparticles [102].
Coupled synthesis such as microwave hydrothermal synthesis [47], microwave
solvothermal synthesis [103], and microwave sol-gel synthesis [86] are also
reported. Hereafter, the synthesis of various photocatalytic materials, such as
grapheme-based materials, Zn-based, and Ti-based materials in photocatalysis
under MW irradiation conditions will be presented. Application of these nano-
materials in catalysis is also reviewed (Figure 8.8).

8.3.3.1 Graphene-based Materials

Graphene has a unique atom-thick two-dimensional (2D) structure, high con-
ductivity, and charge mobility, huge specific surface area, excellent mechanical,
thermal, and electrical properties. Thus, it has been regarded as an important
component for functional materials, especially for developing a variety of
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Figure 8.8 Schematic diagram of microwave synthesis approach (reproduced with
permission from Ref. [104]. Copyright 2013, Royal Society of Chemistry).

photocatalysts. Hence, the recent advancements in synthesizing graphene-based
new photocatalysts, and their applications are summarized.

A facile, fast, and scalable microwave irradiation (MWI) method for the
synthesis of Ag NPs dispersed on graphene sheets were developed by Qiang
et al. Graphene oxide is prepared from natural flake graphite powder by a
modified Hummers’ method. The reactants are dispersed into absolute ethanol,
with ultrasonication for 1h, and further magnetically stirred for 6 h. The slurry
thus obtained is placed in a microwave oven under cyclic MWI (30 s on for every
30 s interval) for several cycles at 800 W. Cyclic microwave radiation is employed
instead of continuous one to avoid bumping. The resulted suspension is subjected
to centrifugation, washed, and then dried at 60°C in vacuum for 24h. Ag
nanoparticles with tens of nanometers are uniformly deposited on the surface
of GO sheets. Ag ions are introduced via the strong cooperation with the terminal
oxygen-containing functional groups on the GO nanosheets. During the micro-
wave treatment, the hydrolysis of Ag ions occurs through deoxidization as well as
the reduction of GO. As a result, Ag NPs are attached onto the surface of GO. The
existence of Ag NPs is evidenced by XRD. The corresponding rGO—Ag nano-
composite is found to exhibit extraordinary higher catalytic properties for the
degradation of RhB. And it is clear that the microwave cyclic time has a significant
effect on the photodegradation of rGO—Ag nanocomposite for RhB. This is
associated with the thermal reduction of GO, which promotes the photogen-
erated electron transfer, due to the lower energy level of thermally reduced GO.
Further increase in the microwave cyclic time led to a poorer photodegradation
performance, which is ascribed to serious oxidation of partially reduced GO [105].

Darvishi et al. [106] has demonstrated an easy, fast, and low cost MWI
approach for the preparation of CuO/graphene (CuO/G) hybrid composite,
which includes dispersion of CuO/graphene-oxide hybrid, followed by MWI
reduction. Initial GO is prepared by the improved Hummers’ method, involving
the ultrasonic bath where GO is dissolved in a mixture of water/ethanol until a
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homogeneous yellow solution of graphene oxide of preferred concentration was
obtained. Then, CuO (93 wt% relative to GO) was added to the above solution
under stirring for 2h and the suspension was placed inside a microwave oven
(720 W) for 9 min to reduce CuO/graphene oxide into CuO/graphene (CuO/G),
centrifuged, washed several times with distilled water, and finally dried. The study
revealed nanoparticles of copper oxide having an average size of ~13.50 nm with
monoclinic structure. Photocatalytic performance of CuO/G hybrids studied by
degradation of MB under UV irradiation indicates that CuO/G hybrid is an
effective photocatalyts for degradation of MB [106].

8.3.3.2 Zinc-based Materials

Zinc oxide (ZnO) nanoparticles were synthesized by Supattra et al. using crude
water extract of Psidium guajava Linn leaves and MWI. As a general procedure,
the crude extract was mixed with zinc (II) aqueous solution. Four different zinc
salts, that is, Zn(CH3COO),, ZnSQO,, ZnCl,, and basic carbonate form of ZnCOs3,
were used. The synthesis was carried out using a household microwave oven
operating at 720 W for varying cycles of 3 min on and 1 min off. The samples
chosen for the photocatalytic studies were ZnO NPs yielded from the reaction
conducted for 45 cycles and treated at 900 °C. ZnO NPs showed excellent surface
area and efficient photocatalytic activity toward the degradation of organic
dyes [107].

A crystalline, hexagonal wurtzite ZnO nanowire was grown by Solis et al. [108]
using a microwave-assisted thermal decomposition. The process consists of an
hourglass-shaped reactor within a conventional microwave oven. For a typical
reaction, a ceramic container with ZnO precursor material powder homoge-
neously mixed with graphite is placed in the center of the MATD (microwave-
assisted thermal decomposition) device. The mixture is placed in an oven for 2h
at 100 °C in order to remove moisture from the material. After introducing the
sample in the center of the microwave, it is covered with the inner container and
the oxygen flow begins. The maximum reaction time was 3 min and the reaction
powers used in different experiments were 1200, 1000, 600, and 100 W. The
container with the precursor material is placed in a ceramic plate fixed in the same
place in the oven and the sample is not rotated during the synthesis process. After
the reaction, four samples were collected from different zones of the reactor. The
as-obtained N'Ws presented a tetrapod shape with diameters between 20 and
100 nm and presented irregular shapes with some thinner and wider parts. ZnO
NWs can be grown independently on certain substrates. However, vertically
aligned growth on a substrate has more advantages for photocatalytic applica-
tions. The anisotropy of the ZnO crystal structure assists the growth of NWs.

8.3.3.3 Titanium-based Materials

Caudillo et al. reported MWCNT/TiO, heterojunction photocatalysts synthe-
sized by microwave-assisted process using titanium butoxide as a precursor and
ethanol as solvent. All the precursors are dissolved in ethanol and the suspension
was subjected to irradiation in a commercial microwave reactor for 20 min at
120°C and thermally treated at 400 °C for 1 h. Morphological studies revealed
smooth nanotubes of different lengths with an average diameter of 75 nm. It is
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also observed that the CNTs decorate the photocatalyst surface. The surface
junction between TiO, and MWCNT is confirmed by TEM analysis. The average
crystallite size is on the order of 10 nm. This investigation demonstrates that the
microwave-assisted method leads to MWCNT/TiO, heterojunction photocata-
lysts with higher photoactive properties for environmental applications [109].

Synthesis of hierarchical TiO, microspheres as catalytic materials based on a
simple microwave-assisted solvothermal process of titanium glycerolate inter-
mediate precursor is reported by Prince et al. [110]. In a typical experimental
procedure, 18 ml of glycerol was mixed with 36 ml of ethanol with stirring. After
few minutes, 3.0 mmol of titanium isopropoxide was slowly dropped into the
mixture solution with stirring to form a homogeneously transparent solution for
2h in a closed container at room temperature, the final mixture solution was
transferred into the microwave irradiation flask. The flask made of polytetra-
fluoroethylene can be heated by microwave to a maximum allowed pressure and
temperature of 5 MPa and 260 °C, respectively. The mixture was sealed tightly
and then heated to 180 °C at 600 W power and held for 0.5-2.5h. After it was
cooled to room temperature naturally, the TiO, products were collected by
centrifugation and washed thoroughly three times at least with anhydrous ethanol
and deionized water. Subsequently, the obtained samples were dried in an oven at
60 °C overnight. Finally, to remove the residual organics and promote further
crystallization, the dried sample was annealed at 550 °C for 2 h in a muffle furnace
(2 °C min ") before being used as a catalyst. In addition, the glycerol dosage in the
precursor solution was adjusted, while keeping the total volume unchanged and
the same preparation procedure and conditions, to control the morphology of the
final products. It was found that only after the introduction of titanium precursor
into the microwave-assisted solvothermal system maintained at 180°C for
15 min, spherical intermediate products were obtained. Small nanosheets grown
randomly on the surface of the as-obtained microspheres as observed. XRD
patterns demonstrated the amorphous nature of the as-prepared products. When
the reaction time was prolonged to 45 min, the nanosheets transformed into
typical nanoribbons. When the reaction time was further increased to 90 min,
these building unit nanoribbons grew continuously in length. The complete
hierarchical microspheres with sharp 18 nanoribbons building units were formed,
and the size became relatively uniform around 4.0 pm in diameter. Moreover, the
synthesis of these hierarchical microspheres produced more homogeneously
distributed and more uniform shapes than those prepared in shorter time.
With the further prolongation of reaction time to 150 min, the building units
transformed from nanoribbons to nanowires, leading to the formation of final
hierarchical microspheres consisting of nanowires. The obtained hierarchical
TiO, microspheres possess tunable building units, high specific surface areas, and
improved optical performance [110].

8.3.4 Coprecipitation Method of Synthesis

Coprecipitation reactions involve the simultaneous occurrence of nucleation,
growth, coarsening, and/or agglomeration processes. The products are generally
insoluble species formed under conditions of high supersaturation. Nucleation is
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the key step and a large number of small particles will be formed. Secondary
processes, such as Oswald ripening and aggregation, dramatically affect the size,
morphology, and properties of the products.

8.3.4.1 Silver-based Catalyst

Ghanbari et al. [111] prepared Ag,Cdl,/Agl nanocomposites by in situ copre-
cipitation method from aqueous solutions of Cd (NOs),-2 H,O, AgNOs;, and
Lil-2 H,O as starting materials. Agl yellow precipitation is prepared from AgNO;
and Lil-2H,0 in 50 ml of distilled water and then certain amount of capping
agent (CTAB, SDS, Triplex, NaHSal, and PVP) is added to the above solution.
Cdl, white precipitate is obtained from Cd(NOj3),-2 H,O with stoichiometric
amount of Lil-2 H,O (by considering the desired molar ratio of Ag* to Cd** in
different experiments). Finally, the solution consisting of Agl is added to CdlI,
solution and heated at 90 °C for drying. The reaction conditions in this method
are easily controllable. The molar ratio of Ag*/Cd** and type of capping agent
have an influence on components, purity, and size of nanocomposites. The
calculated bandgap confirms that Ag,Cdl, nanoparticles can be used as effective
photocatalysts. Photooxidation tests show that degradation reached a high value
of 96.6% after 100 min irradiation of UV light [111].

8.3.4.2 Zinc-based Catalyst

Three different coprecipitation methods, namely, decreasing pH method, con-
stant pH method, and increasing pH method, were adopted by Hu et al. [112] to
synthesize wurtzite zinc-gallium oxynitrides (ZnGaNO) particles by nitridation of
Zn/Ga/COj; layered double hydroxides (LDHs). The obtained particles are found
to be a ZnO/ZnGaNO composite, a single-phase ZnGaNO, and a porous
ZnGaNO/ZnGa,O, composite, respectively. Precipitation processes determine
the microstructure of Zn/Ga/CO3; LDHs and thereby affect the photocatalytic
performance of final ZnGaNO particles.

Precursor solutions: A mixed aqueous solution with 0.4 M Zn(NO3),-6 H,O
and 0.3M Ga(NO3);-9H,O is prepared to give a metallic nitrate solution
(solution A) with [Zn**]/[Ga®*] mole ratio of 4: 3. 2M NaOH and 1M
Na,COj; are mixed to form a base solution (solution B).

Decreasing pH method: Solution A (100 ml) is added quickly to 1 M Na,CO;
solution (70 ml) with vigorously stirring at 40 °C. After complete delivery of the
mixed nitrate solution, the pH of the reaction mixture is adjusted to 8 using 2 M
NaOH solution. The reaction mixture is aged at 80 °C for 12—2 h with thorough
stirring. The product suspension is then repeatedly centrifuged and washed with
deionized water. The precipitate is dried at 70 °C for 24 h.

Constant pH method: Solutions A and B are simultaneously added in drops to
a vessel containing stirred deionized water while maintaining a pH of 8. The
mixing process is carried out at 40 °C. After complete delivery, the reaction
mixture is aged at 80 °C for 12—24 h with good stirring. The product suspension is
centrifuged and washed and dried at 70 °C for 24 h.

Increasing pH method: Solution A (100 ml) is mixed with 100 ml of 1M
HNOs. Solution B is then added in drops to the mixed solution until the pH
reached at 8. During the titration process, the solution is stirred vigorously at
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40 °C. The reaction mixture is aged at 80 °C for 12—-24 h with good stirring. The
product suspension was then centrifuged, washed with deionized water, and the
precipitate was dried at 70 °C for 24 h. The nitridation process was carried by
heating 1.5g Zn/Ga/CO3; LDH powders at 800 °C under a NH3 flow of 120 ml
min~" for 30 min.

The photocatalytic performance decreased in the order of decreasing pH
sample, constant pH sample, and increasing pH sample. The superior photo-
catalytic activity of the decreasing pH sample was attributed to the ZnO/ZnGaNO
heterostructure which enhances the separation of photogenerated electron—hole
pairs and produced a large amount of O*~* radicals and holes h* as main active
species to degrade phenol and its intermediates. The facile synthesis of ZnO/
ZnGaNO particles makes it a potential efficient visible-light-responsive photo-
catalyst for water pollutant degradation [112].

8.3.4.3 Ferrite Catalysts

Highly crystalline, single-phase spinel ZnFe,O,4 nanoparticles were synthesized by
Vinosha et al. [113] using coprecipitation technique. ZnCl, and FeCl; were
dissolved separately in distilled water and well stirred till homogenization was
attained. NaOH solution as mineralizer was added in drops to FeCl; solution
under continuous stirring in order to adjust the pH of the solution to 10. Finally,
ZnCl, solution was added to the above solution and the temperature was raised to
80°C for 3h until a brown precipitate was obtained. The precipitate was
centrifuged with distilled water and ethanol. The by-product thus obtained
was annealed at 75°C for 24h in a hot air oven followed by calcination at
500 °C for 5h. The size distribution for the synthesized sample was found to be
approximately 8.2 nm. Nanoparticles usually form when the growth rate is lower
than the nucleation rate. The size can be tailored by the annealing temperature.
Here, the agglomeration of the nanoparticles has been controlled by regulating
growth rates and nucleation during the synthesis. Ferrite materials have received
considerable attention due to their electrical and magnetic properties [113].

8.3.4.4 Titanium-based Catalysts

Quan et al. [114] prepared lanthanide-doped titanium dioxide photocatalysts by a
coprecipitation process. It was found that Ln**—TiO, photocatalysts prepared by
coprecipitation exhibited an excellent photocatalytic activity compared to those
prepared by the usually used sol-gel process. The photocatalysts prepared by
the coprecipitation and sol—gel process have a similar crystal composition, but the
former catalysts have more regular anatase phase with a larger crystallite size,
thereby leading to a difference in their photocatalytic activity. The pores in
the sol—gel prepared catalysts are in the range of mesopores (2—50 nm), whereas
the pores in the catalysis prepared by coprecipitation consist of larger mesopores
and macropores (>50 nm). The morphology of the primary particles and agglom-
erates of Ln*"—TiO, catalyst powders are affected by doping methods. The
inhibition effect of lanthanide doping on the phase transformation is greater
in the coprecipitation process than in the sol—gel process, which is related to the
more uniformly dispersed hydroxides of lanthanide in the precursors to form
Ln®**-TiO, catalysts. This finding is beneficial for preparing more regular
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crystalline Ln®**—TiO, catalysts with anatase structure and larger crystallite size
by annealing at higher temperature.

8.3.5 Solvothermal Synthesis of Photocatalytic Materials

This method is favorable for the preparation of a variety of materials such as
metals, semiconductors, ceramics, and polymers. The process involves the use of
a solvent under moderate to high pressure (typically between 1 atm and
10000 atm) and temperature (typically between 100 and 1000 °C) that facilitate
the interaction of precursors during synthesis. If water is used as the solvent, the
method is called “hydrothermal synthesis.” The synthesis under hydrothermal
conditions is usually performed below the supercritical temperature of water
(374.°C). The process can be used to prepare many geometries including thin
films, bulk powders, single crystals, and nanocrystals. In addition, the morphology
(sphere (3D), rod (2D), or wire (1D)) of the formed crystals is controlled by
manipulating the solvent supersaturation, the concentration of chemical of
interest, and kinetic control. The method can be used to prepare thermo-
dynamically stable and metastable states including novel materials that cannot
be easily formed from other synthetic routes (Figure 8.9).

Two-step Solvothermal method (Method I)
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Figure 8.9 Schematic Diagram of Solvothermal synthesis method.
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8.3.5.1 Copper-based Materials
Copper is an essential element that is widely distributed in fresh water and
sea [115]. It has outstanding characteristics such as high electrical and thermal
conductivity and corrosion resistance. Oxides of copper have narrow bandgap
with various applications such as heterogeneous catalysts, gas sensors, optical
switches, magnetic materials, and so on [116]. Copper complexes act as catalysts
for homogenous photooxidation of hydroxylic organic substrates (very often
pollutants) [117]. The yield of oxidation products strongly depends on the
composition of copper complexes, which offers the possibility of useful control
and tailoring of copper catalysts properties [118]. The presence of Cu in addition
to another reactant can lead to enhancement of the pollutant photodegradation.

For the first time flower-like Cu,MnSnS, nanoparticles were synthesized by
Guan et al. [119] using a solution-based solvothermal method. Higher magnifi-
cation of the prepared catalyst revealed the thickness of the petal to be 40 nm,
which is formed by agglomeration of small nanocrystals with grain sizes of about
10 nm, which is in accordance with the value obtained by XRD analysis. It is
observed that the rough surface of the petal increases the surface areas that has a
great effect on photocatalytic activity. Cu,MnSnS, nanoparticles form through
homogeneous nucleation and growth process, while nanosheets are formed
through oriented aggregation. Then, nanosheets attach to flower-like particles
through self-assembly process for prolonged solvothermal reaction. The
Cu,MnSnS, nanocrystals was found to degrade about 85% of the methylene
blue within 240 min under visible-light irradiation, suggesting it to be a potential
candidate for visible-light photocatalyst for the treatment of wastewater from
pollutants [119].

Facile solvent thermal synthesis was adopted by Wang et al. [120] to synthesize
a series of cocoon-like hierarchical structures of xCu-BiVO, photocatalysts
using ethylene glycol with ethylene diamine tetraacetic acid (EDTA) as a
chelating agent. Initially, Bi(NO3)3-5H,O was dissolved in ethylene glycol.
The mixture was subjected to stirring and NH, VO3 was added. After consecutive
stir addition of EDTA, ammonia was added to maintain a pH of 11. Then
different contents of Cu (NO3),-3 H,O were added into these suspensions with
continuous magnetic stirring and transferred into 100 ml Teflon-lined stainless
autoclave and heated at 180 °C for 10 h. Now, the autoclave was cooled at room
temperature, and the yellow precipitates thus formed were filtered and washed
with absolute ethanol and distilled water for several times and dried at 80 °Cin air
for 12 h to obtain BiVO, with different Cu®>* doping contents. It was found that
the amount of Cu”>* has no effect on the crystal phase of BiVO, but plays an
important role in the morphology; the catalysts turn from rodflower-like parti-
cles into cocoon-like hierarchical nanstructures due to Cu®* doping. It indicated
that a large number of irregular particles are connected together to form the
cocoon-like morphology. The results showed that Cu>* doping effectively
enhances the photocatalytic activity of the BiVO, evaluated by the degradation
of RhB under visible-light irradiation. The improvement of photocatalytic
activity is associated with the change of morphology, the enhancement of light
absorption, narrowing bandgap, and lowerimg recombination ratio of photo-
induced electron—hole pairs [90].
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Wei et al. [121] synthesized hierarchical structures of Cu,SnSe3 microspheres
by solvothermal method using ethylenediamine as solvent. SEM images show a
2D nanosheet pattern. When the hydrothermal temperature was raised to 150 °C,
the bulk particles disappeared, leaving only 2D nanosheets. When the tempera-
ture was further increased to 200 °C, uniform 3D microspheres, consisting of 2D
nanosheets, were harvested. Ethylenediamine plays an important role in the
formation of Cu,SnSes crystals. Two amino groups in the ethylenediamine
structure are strong chelating groups, which not only provide reaction sites in
the naosheet formation but also 3D microsphere self-assembly. Solvothermal
temperature is an important factor for providing high-pressure environment for
crystal growth. The high solvothermal temperature (150 °C) provides an appro-
priate condition for Cu,SnSe; crystal nanosheet formation, when increasing the
temperature to 200 °C, the formed 2D nanosheet self- assemble to form a 3D
microsphere structure with the ethylenediamine ligand [121].

8.3.5.2 Titania-based Catalyst

Zdravkov et al. [122] prepared mesocrystalline anatase TiO, particles by sol-
vothermal sol-gel method using aliphatic organic acids at various temperatures
of 250, 300, and 350°C. The size and shape of the primary crystallites are
controlled by varying the synthesis temperature and hydrocarbon chain length
of organic acid molecules. The obtained anatase crystallites tend to agglomerate
in aqueous solutions and exhibit enhanced photocatalytic activity. Titanium
tetraisopropoxide is dissolved in acetic acid and the solution is placed in a silver
vessel, which, in turn, is placed in a steel autoclave (internal volume 65 ml) and
heated for 6 h at 250, 300, or 350 °C. The precipitates formed are separated by
centrifugation, washed with petroleum ether, acetone, and ethyl alcohol, and
dried under argon. All samples contain residual organics that were removed after
the thermal post-treatment and complementary chemical treatment with
KOH [122].

8.4 Phase Transition and Microstructure of Photocatalytic
Materials

Changes in structure and properties accompanying phase transitions have been of
great importance to scientists for many years. With changing pressure and
temperature conditions, particularly sintering temperature, the material experi-
ences several phase transitions that affect their physical properties owing to
structural changes in the crystal lattice and to the absorption or release of latent
heat. It is accompanied by significant variations in the physical properties such as
density, phase transitions, and mechanical behavior. Phase transitions often lead
to mechanical softening or hardening that can be related to different intrinsic
mechanical behavior and volatile solubility of the product phases [123]. Crystal-
line solids undergoing phase transformation display fine-scale microstructure
that in turn plays an important role in determining the macroscopic properties of
solids. Hereafter, we try to understand the various phase transitions in
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photocatalysts, their activity, and the role of lattice parameters in determining the
microstructure and consequently the macroscopic properties.

The best component to study the phase transitions during photocatalysis is
TiO,, since it has been widely used as photocatalyst for over three decades.
Titania photocatalysts are known to be applicable in a range of important
technological areas such as electrolysis of water to generate hydrogen [124],
dye-sensitized solar cells (DSSCs) [125], air purification [126], water treatment
[127], self-cleaning coatings [128], nonspotting glass [129], and self-sterilizing
coatings [130]. Titania is also used to catalyze many reactions, such as alcohol
dehydration, photo-Kolbe oxidations of organic acids [131], oxidation of aromatic
compounds [132], degradation of paint pigments [133], and nitrogen oxide
reduction [134] under UV illumination.

8.4.1 Formation and Analysis of Titania Phases

During the synthesis of TiO, films by various methods, the initial crystalline TiO,
phase formed is generally anatase [135]. From a structural perspective, this could
be due to the short-range ordered TiOg octahedra in arranging into long-range
ordered anatase structure owing to the less-constrained molecular construction
of anatase relative to rutile [136] (Figure 8.10). Alternatively, from a thermo-
dynamic perspective, the more rapid recrystallization of anatase could be due to
the lower surface free energy of this polymorph, despite the lower Gibbs free
energy of rutile [137]. That is, the higher surface free energy of rutile crystallites
may favor the crystallization of anatase. It should be noted that it is possible to
form rutile under near-room temperature conditions [138]. Hydrothermal meth-
ods of synthesis, which can facilitate the precipitation of crystalline TiO, directly

Anatase Rutile

Figure 8.10 Three-dimensional representation of the arrangement of TiOg octahedra in
anatase and rutile showing four-edge sharing connectivity in anatase and two-edge sharing
connectivity in rutile (reproduced with permission from Ref. [136]. Copyright 1976, Elsevier).



8.4 Phase Transition and Microstructure of Photocatalytic Materials

from a liquid phase, can be controlled to precipitate rutile. Aside from this
method, rutile is obtained only through high-temperature treatment.

8.4.2 Anatase to Rutile Transformation

Controlling the conditions that affect the kinetics to control the transformation of
anatase to rutile phase is of considerable interest. This is particularly the case for
high-temperature processes and applications, such as gas sensors and porous gas
separation membranes [139], where the phase transformation may occur, thereby
altering the properties and performance of these devices. Therefore, an under-
standing of the stabilities of the TiO, polymorphs, the kinetics of their phase
transformation, and the processes involved in controlling them is essential to the
ability to obtain single-phase or multiphase microstructures. These issues are
critical to the long-term consistency of devices, where retention of anatase or a
multiphase microstructure may not be possible, thereby potentially requiring
processing designed to produce single-phase rutile. Similarly, limitations in tem-
perature while desiring a specific polymorph, such as rutile, may require manipu-
lation of the materials and processing conditions so as to enhance the direct
formation of rutile. The generation of the phases of TiO, depends significantly on
the synthesis parameters, which in turn affect the product. The kinetics of these
processes typically are considered in terms of temperature and time. In terms of the
former, pure bulk anatase is considered widely to begin to transform irreversibly to
rutile in air at 600 °C [140]; however, the reported transition temperatures vary in
the range 400—1200 °C [141] owing to the use of different methods of determining
the transition temperatures, raw materials, and processing methods. The anatase to
rutile transformation is not instantaneous; it is time dependent because it is
reconstructive [142]. Consequently, the kinetics of the phase transformation
must be interpreted in terms of all of the factors that influence the requisite
temperature—time conditions. These parameters for undoped anatase include
particle size, particle shape (aspect ratio), surface area, atmosphere, volume of
sample, nature of sample container, heating rate, soaking time, impurities (from raw
materials and container), and measurement technique. The anatase-to-rutile phase
transition, sometimes referred to as “ART”, usually occurs by nucleation and
growth process [143]. As mentioned by Penn. et al., the kinetics of this transition
depend on variables such as impurities, morphology, sample preparation method,
heat flow conditions, and so on.

8.4.3 Morphological Effects

The grain morphology plays an important role in photocatalytic applications of
titania. Nanocrystallinity has been shown to lower the material’s densification
temperature and enhance its photocatalytic activity. Therefore, it is important to
inhibit the grain growth of titania during heating as this gives a higher surface area
and thus improved performance. Bulk rutile is more stable thermodynamically
than anatase at all temperatures and pressures (Figure 8.11) owing to its lower free
energy [144]. However, the lower surface energy of the anatase planes relative to
those of rutile [137] cause the former to be more stable for crystallites of
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Figure 8.11 Reaction boundaries of phase transitions in TiO, (reproduced with permission
from Ref. [148]. Copyright 2000, Elsevier).

extremely small sizes and correspondingly high surface area. In this case, surface
energy consideration outweighs bulk thermodynamics and so, for crystallites
below a critical size (45 nm [110], 14nm [137], and 11 nm [145]), anatase has a
lower total (bulk and surface) free energy [144]. Further, the size above which
rutile becomes more stable depends on stresses [137]. Despite this, it has been
reported that larger anatase grains (i.e., predominantly bulk thermodynamics)
transform to rutile more slowly than finer grains (i.e., predominantly surface
thermodynamics). This is probably due to the lower surface energy and fewer
interfaces at which rutile can nucleate. Thus, the transition to rutile and grain
growth of anatase can be considered as competing phenomenon [146]. Significant
rutile grain growth is exhibited as the anatase to rutile transition proceeds [103].
Rutile grains coarsen at the expense of neighboring anatase during coalescence
until the large rutile grains begin to impinge on each other [147]. This increase in
grain size causes a decrease in surface area and a consequent decrease in
photocatalytic activity [148].

8.4.4 Phase Transition Studies of Orthorhombic BisO;l Spherical
Microstructures

Orthorhombic phase BisO;I spherical microstructures were successfully fabri-
cated by Han et al. [149] through thermal conversion of BiOI microspheres in air
at temperatures ranging from 450 to 525 °C. The BiOI-450 sample exhibited a
higher photocatalytic activity for the degradation of RhB in aqueous solution
under light irradiation compared to other samples and retained its relatively high
photocatalytic activity even after eight cycles. The porous BisO;I microspheres
fabricated in this study are readily applied as a photocatalyst for environmental
remediation. At 400 °C, both BiOI and BisO-I phases are present. From 425 to
525 °C, the BiOI was fully converted to the orthorhombic phase BisO-I, indicating
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that the BisO,I can be obtained from the BiOI precursor at lower temperatures.
XPS wide scan spectra of the samples indicate the presence of bismuth (Bi 4f, Bi
4d, Bi 4p, and Bi 5d), oxygen (O 1s), iodine (I 3d), and carbon (C 1s). The
observed shift of binding energies confirms the complete phase transition from
BiOI to BisO;I after heat treatment at 450 °C. SEM and TEM show spherical
microstructures assembled by numerous ultrathin nanosheets. For all BiOI
powders, the spherical shape is maintained and their diameters slightly decreased
from 3 tol.5 mm, while the thickness of the sheet-like nanostructures increased.
TEM image of a single BisO;I microsphere heat treated at 450 °C confirms it is
composed of nanosheets of a thickness of about 25 nm. HR TEM image reveals
that the two different lattice fringes with intervals of about 0.317 and 0.306 nm
can be assigned to (312) and (113) planes of the orthorhombic phase BisO-I,
respectively. The BiOI-400 sample showed the higher adsorption property with
RhB that is attributed to its large surface area, unique surface, and surface
electronegativity (see Figure 8.12) [149].

8.4.5 Phase Transition Studies of Bicrystalline Cr-TiO, Nanoparticles

Employing one-step flame spray pyrolysis technique, Tian et al. [150] synthesized
bicrystalline phase Cr-TiO, nanoparticles. The mixed phases of TiO,, such as
anatase/rutile and anatase/brookite, exhibit higher photocatalytic activity than
pure single-crystal phase. The enhanced activity of mixed phases is attributed to
the formation of heterojunction between different phases, which can efficiently
separate the spatial charges and consequently improve the quantum yield of TiO,.
The intimate contact between two phases is necessary to enhance the

Figure 8.12 SEM images of pure (a) and heat-treated BiOl powders at 400 (b), 450 (c), and
500 °C (d). TEM (e) and HRTEM (f) images of the BiOl powder heat treatment at 450 °C
(reproduced with permission from Ref. [149]. Copyright 2016, Elsevier).
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photocatalytic activity of mixed-phase TiO,. Small rutile crystallites are found to
interweave with anatase crystallites to facilitate efficient electron transfer at
anatase/rutile interface. Research has proved that there is an optimum ratio
between the two phases to enhance the photocatalytic activity. In this study, the
XRD patterns confirm both the crystalline nature of different Cr-TiO, samples
and the presence or absence of segregated Cr oxides. All samples consist of
anatase and rutile, and the intensity of rutile (1 1 0) peak increases gradually with
the increase in Cr content, with the decrease in anatase (1 0 1) peak. No
characteristic peak of Cr incorporation into the crystal lattice of TiO, is reported;
rather, Cr oxide is highly dispersed and its size is very small. It has been
considered that metal dopants can be conveniently incorporated into TiO, lattice
when their ionic radii are identical or close to that of the Ti*" cation. The phase
composition (anatase and rutile) in the samples is estimated from the respective
peak intensity of anatase (1 0 1) and rutile (1 1 0) with the following equation:

WR = AR 0.884AA + AR (1),

where WR represents the weight fraction of rutile and AA and AR are the

integrated intensities of anatase (1 0 1) and rutile (1 1 0) peaks, respectively.
The content of rutile increases from 9.2% for undoped TiO, to 63.4% for 5% Cr-

TiO, (Figure 8.13), indicating that Cr** doping can effectively promote the
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Figure 8.13 (a—c) XRD patterns of Cr-TiO, (a), Fe-TiO, (b), and V-TiO; (c). (d) Content
evolutions of anatase and rutile as a function of doping amount (reproduced with permission
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formation of rutile and simultaneously restrain the formation of anatase, that is,
Cr doping favors the anatase-to-rutile transformation of TiO,. The average
crystallite size of anatase and rutile is found not influenced by Cr doping. It
has been reported that in the hot-wall and flame reactors trivalence Fe** or AI**
doping can create oxygen vacancies in TiO, matrix, which is favorable to anatase-
to-rutile transformation. To explore the influence of the valence state of metal
dopant on the crystal transformation in flame spray reaction, Fe-TiO, and
V-TiO, were prepared by using Fe(AcAc); and VO(AcAc), as trivalent and
tetravalent dopants, respectively. For Fe-TiO,, the intensity of rutile (1 1 0) peak
appreciably increases with the increase in Fe content, similar to that of Cr-TiO,.
In the case of V-TiO,, the intensity of rutile (1 1 0) peak only shows a slight
increase, together with the increase in anatase (1 0 1) peak. It can be seen that Fe*
and Cr’* doping appreciably promotes the anatase-to-rutile transformation of
TiO,, while V** doping almost has no influence. Cr** ions incorporated into TiO,
crystal lattice can extend the visible light absorption of TiO,, consequently
improving the visible light photocatalytic activity of TiO,. However, too high
Cr content is detrimental to the improvement of visible light photocatalytic
activity, because both Cr,O; clusters and excess rutile content favor the
recombination of photogenerated electrons and holes. The optimal Cr>* content
corresponding to the highest photocatalytic activity was found to be 1% [150].

8.4.6 Phase Transition Studies of N, S, and C Co-Doped TiO, Nanomaterials

Lei et al. [151] discussed the effect of calcination temperature on the structure and
visible-light photocatalytic activity of (N, S, and C) codoped TiO, nanomaterials.
XRD of NSC-TiO,_, shows peaks corresponding to anatase phase, with no
indication of any rutile or brookite impurity being detected. As the calcination
temperature increases from 400 to 700 °C, the peak intensity of anatase (1 0 1)
increases; meanwhile, its width of (1 0 1) plane becomes narrow, which is attributed
to gradual crystallization of anatase TiO,. The average crystallite size of pure TiO,-
500, NSC-Ti0,-400, NSC-TiO,-500, NSC-Ti0,-600, and NSC-TiO,-700 is 34.1,
10.1, 144, 26.1, and 32.5nm, respectively. This indicates that t (N, S, and C)
codoping could efficiently inhibit grain growth. Compared to NSC-TiO,-500,
TiO,-500 reveals a small amount of rutile, which means that N, S, and C as
codoping elements retard the anatase—rutile transformation. It is also evident from
TEM and HRTEM images that NSC-TiO,-500 has round-shaped particles in the
range of 10—20 nm, which is consistent with the calculated value (14.4 nm) obtained
from XRD. HRTEM image shows that the interplanar spacing is about 0.35 nm,
which corresponds to (1 0 1) plane of anatase TiO,. Doping anatase TiO, with N, S,
and C could not only broaden the light adsorption spectrum into the visible region
(>400nm) to make it visible-light active but also inhibit the recombination of
photo-induced carriers to make it more efficient under visible light irradiation.
NSC-TiO,-500 exhibited the highest photocatalytic activity for Cr(VI) photo-
catalytic reduction under visible-light irradiation, which can be attributed to the
synergic effect of its enhanced crystallinity. The outstanding photocatalytic per-
formance of NSC-TiO,-500 makes it a promising photocatalyst in efficient utiliza-
tion of solar energy for Cr(VI) wastewater treatment [151].
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8.5 Optical and Magnetic Properties

Nowadays, various types of photocatalytic semiconductors, including binary,
ternary, quaternary, and composites are extensively investigated in order to
enhance their photocatalytic activities [152—157]. Photocatalytic activity is closely
related to the optical absorption ability and the migration of the photogenerated
electron-hole pairs. Optical properties can be evaluated by UV-visible diffuse
reflectance spectrum (UV-vis DRS) and photoluminescence (PL) spectra. The
bandgap of the photocatalyst can be estimated by following Tauc plot: (a/w)"" = A
(hv — E;), where a is absorption coefficient, #v denote incident light frequency, A
proportionality constant, E; — bandgap, n = 1/2 for direct transition, and n =2 for
indirect transition [158]. By extrapolating (ahv)'’” linearly to zero, the bandgap
energy can be calculated. Many binary compounds have been classified as semi-
conductors, but not all are suitable for photocatalytic applications. An appropriate
semiconductor for heterogeneous photocatalysis must fulfill the following char-
acteristics: appropriate bandgap (in the range of 1.7-3.2 eV), efficient light absorp-
tion, high carrier mobility, precise band edge positions that straddle the water redox
potentials, nontoxic, and chemically stable [159].

To describe mechanistically the enhanced photocatalytic activity of semi-
conductor nanocomposites under visible-light irradiation, the corresponding
conduction band and valence band positions for each semiconductor component
can be estimated at the point of zero charge by the following equations:

Ecp = X — E° — 0.5E,,
Evg = Ecp + Eg,

where X, E°, and E, are the absolute electronegativity, energy of free electrons on
the hydrogen scale (4.5eV), and the bandgap energy of the semiconductor,
respectively [160].

The association of two or more nanocrystalline semiconductors allows the design
of novel semiconductors heterostructures that are potentially useful in photo-
catalysis, water splitting, microelectronics, and other applications [161-163]. The
advantage of using associations of semiconductors is twofold: (1) to extend the
photoresponse by coupling a large bandgap semiconductor with a short bandgap
semiconductor (coupled semiconductors heterostructures) and (2) to retard the
recombination of photogenerated charge carriers by injecting electrons into the
lower lying conduction band of the large bandgap semiconductor (capped semi-
conductors heterostructures) [159]. The mechanism of charge separation in
coupled and capped semiconductors is similar, but the interfacial charge transfer
is notably different. In a coupled semiconductor system, the particles are in contact
with each other and the holes and electrons are available for oxidation or reduction
reactions on the surface of different particles. In capped semiconductors with a
core—shell structure, a charge rectification takes place, and only one of the charge
carriers is accessible at the surface; the other charge carrier gets trapped inside the
inner semiconductor [159].

More examples of coupled semiconductors have been reported not only by
coupling TiO, and metals or semiconductors but also in composites containing
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titanium dioxide with other oxides, including WOj3 [164,165], CeO, [14,166], and
ZnO [167-171]. This section discusses in detail the optical and magnetic
properties of different semiconductor hybrid heterostructures and the various
approaches by which the photocatalyst can be modified. The use of the composite
materials is also taken into account.

8.5.1 MeNPs-Semiconductor Hybrid Heterostructures

Two-component hybrid nanostructures based on the combination of a metal-
oxide semiconductor and noble metal nanoparticles (MeNPs) have been
widely investigated in photocatalysis due to their unique physical and chemi-
cal properties. Metal-semiconductor hybrid structures show absorption
spectra exhibiting combined coupling effects that cannot be replicated with
a simple physical mixture of both components. In these hybrid structures,
strong coupling occurs between the electronic states of metal and semi-
conductor, which leads to broadening and shifts in the plasmonic peak of
the metal and the excitonic absorption peak of the semiconductor. This could
be a result of the formation of new electronic states in the semiconductor—
metal interface [172].

ZnO and TiO, have been extensively investigated as a photocatalysts because of
their abundant source, nontoxicity, and low cost. It is well known that ZnO is an
environment-friendly semiconductor with a direct bandgap of 3.37 eV; however,
the quick recombination of the photoexcited electrons and holes in ZnO always
leads to a decline in the photocatalytic efficiency [173]. The enhancement of
photocatalytic efficiency can be achieved by the deposition of a layer of noble
metal nanoparticles (MeNPs), such as Pt [174-177], Au [173,178-180], or
Ag [167-171,174,176], on the surface of ZnO or TiO, nanostructures. Noble
metals act as an electron sink, which can significantly enhance the photocatalytic
activity in both UV and visible lights [181]. Noble metal NPs have the ability to
absorb the visible light via surface plasmon resonance and are used to improve the
charge separation and photocatalytic activity. Different approaches have been
reported to prepare MeNPs—ZnO(or TiO,) heterostructures and to study their
photocatalytic properties [167-181].

8.5.1.1 Au-ZnO Hybrid Photocatalysts

Li et al. [180] have successfully synthesized Au—ZnO hybrid NPs with a novel
hexagonal pyramid-like structure (Figure 8.14), which demonstrated a better
photocatalytic efficiency than pure ZnO nanocrystals in the photocatalytic
degradation of rhodamine B dye.

Wu et al. [182] fabricated close-packed Au/ZnO hollow-sphere monolayer thin
films using PS spheres as a template (Figure 8.15a). The Au/ZnO hollow-sphere
monolayer thin films showed significant enhancement of photocatalytic perform-
ance in the degradation of methyl orange compared to that of ZnO thin film and
ZnO hollow-sphere monolayer thin films (Figure 8.15b). The observed degrada-
tion constant k of MO for the Au/ZnO 400 nm was 0.0415min~}, which is
approximately 17 times better than that of ZnO thin film (0.0024 min~") and 3
times that of the ZnO 400 nm (0.0128 min™).
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Figure 8.14 Au-ZnO hybrid nanopyramids and their optical properties. (a) TEM image of Au-
ZnO NPs; (b) HAADF-STEM image of Au-ZnO NPs; (c) UV-vis absorption spectra of Au and
Au-ZnO hybrid NCs dispersed in hexane, respectively; (d) time-dependent UV-vis absorption
spectra for RhB in the presence of Au-ZnO hybrid NPs under UV irradiation (reproduced with
permission from Ref. [180]. Copyright 2011, American Chemical Society).

The composite of Au/GO/ZnO nanostructures synthesized by Lee et al. [183]
showed a photodegradation efficiency of 81% for methylene blue (Figure 8.16).
Au/GO/ZnO reveals a better UV light absorption and more quenched PL
emission than ZnO and GO/ZnO. PL emission is often used to investigate the
recombination of photoexcited electron—hole pairs in ZnO. A band edge emis-
sion at 382 nm indicates that the bandgap of ZnO is 3.25eV. As can be seen in
Figure 8.16a, the intensities of GO/ZnO and Au/GO/ZnO are significantly
reduced in comparison to ZnO and Au/GO/ZnO that have the lowest PL
emission intensity, which demonstrates that Au/GO/ZnO is a promising hybrid
photocatalyst. The Au/GO layer acts as an electron sink that is an additional
approach for separating charge carriers [183].

8.5.1.2 Ag-ZnO Hybrid Photocatalysts

Andrade et al. [5] synthesized ZnO/Ag hybrid nanostructures with a star-shaped
morphology by a novel and simple room-temperature method with enhanced
photocatalysis and bactericide applications. The presence of thiocyanate on ZnO
surface prevents uncontrollable growth of Ag NPs into different morphologies
(such as nanosphere, nanorod, and nanoplates) and high degrees of polydispersity



8.5 Optical and Magnetic Properties

(@)

(b) 1.0F '?I _:_§n8 ;rgg film © C02+H20
- —A— LN nm
0.8 A\I —V— Au/ZnO 400 nm %
o I \_ ‘H,0+h
5 L
S 04l *
S L
02t 3
0.0 ; - Substrate -

0 60 120 180 211
Irradiation time (min)

Figure 8.15 Au/ZnO hollow-sphere monolayer thin films and their photocatalytic properties.
(a) TEM images of Au/ZnO spheres; (b) degradation rates of MO on the Au/ZnO 400 nm, ZnO
400 nm, and ZnO thin-film samples; (c) schematic illustration of the mechanism for the
photocatalytic degradation of MO on the Au/ZnO photocatalyst (reproduced with permission
from Ref. [182]. Copyright 2017, from Elsevier).

(Figure 8.17a). The optical properties of hybrid ZnO/Ag studied by UV-vis NIR
and PL spectroscopies show that the sample ZnO(t)/Ag0.05 presents the higher
photocatalytic activity, which degrades 70% of MB dye following 60 min of UV
light exposure, whereas pure star-shaped ZnO degrades only 25% of MB for the
same exposure time (Figure 8.17b).

Different Ag—ZnO hybrid heterostructures with enhanced photocatalytic
activity were reported in the literature including Ag/ZnO [169,170], Ag/ZnO/
graphene oxide [167], Ag/ZnO/graphene [168], Ag/AgCl/ZnO nanonet-
works [171], Ba@Ag@ZnO nanocomposite [184], ZnO/Ag/Ag, WO, [185],
and so on.

8.5.1.3 Pt-ZnO Hybrid Photocatalysts

Hu et al. [186] prepared Pt—ZnO hybrid nanocomposites by solution plasma
technology. They synthesized 2—3 nm Pt NPs that were dispersed on a pyramid-
like ZnO (20—60 nm) surface. Photodegradation of RhB dye demonstrates that the
Pt (5 wt%)—ZnO hybrid nanocomposite has a better photocatalytic activity than
commercial P25, because Pt NPs restrain the photogenerated electron/hole
recombination and increase the catalyst activity. Pt(5wt%)—ZnO nanocomposite
can completely degrade 10ppm RhB aqueous solution in 25min. The
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Figure 8.16 Au/GO/ZnO composite nanostructures. (a) PL spectra of ZnO, GO/ZnO, and Au/
GO/Zn0O; (b) photocatalytic performance of ZnO, GO/ZnO, and Au/GO/Zn0O under UV
irradiation; (c) SEM image of Au/GO/ZnO after photocatalytic reaction (reproduced with
permission from Ref. [36]. Copyright 2017, Elsevier).
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Figure 8.17 Star-shaped ZnO/Ag hybrid nanostructures: (a) SEM image of sample ZnO(t)/
Au0.2; (b) photocatalytic degradation efficiency of ZnO(t)/Ag0.05; (c) proposed mechanism of
electron transfer in hybrid ZnO/Ag photocatalyst and electron capture by Ag NPs for the
formation of reactive oxygen species, which cause degradation of MB dye (reproduced with
permission from Ref. [5]. Copyright 2017, Elsevier).
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photocatalysis enhanced mechanisms of Pt—ZnO hybrid nanocomposite has been
proposed.

Pt—ZnO hybrid photocatalysts also have been investigated for evaluation of
their activity in the degradation of organic dyes [174,176], hydrogen produc-
tion by photocatalytic water-splitting [175] and phenol degradation [177], and
so on.

8.5.1.4 Me-TiO, Hybrid Photocatalysts

TiO, is well known as an excellent UV-responsive semiconductor for efficient
photocatalysis for environmental applications including photocatalytic hydrogen
generation and pollutant removal [152]. TiO; has large electronic bandgap in the
range 3.0-3.2 eV, which restrict its optical absorption mainly to the UV region,
corresponding to less than 4% of natural solar energy. This is why big efforts have
been devoted to improving the visible-light absorption of TiO,. In order to
improve the photocatalytic performance of TiO,, different strategies can be
employed, such as the coupling and the use of metal NPs or other compounds
in order to increase the electron—hole separation [187-191].

Very recently, Jedsukontorn et al. [187] prepared metal-decorated TiO, by
sol immobilization route. TiO, was decorated by Bi, Pd, Pt, and Au, which
promoted its photocatalytic activity to selective oxidation of glycerol. It was
shown that the overall activity for glycerol conversion was ranked on the order
of Au/TiO, > Pt/TiO, > Pd/TiO, > Bi/TiO, > TiO,, which provided a glycerol
conversion level of 92.8, 80.5, 63.6, 44.7, and 14.4%, respectively. The Au/TiO,
photocatalyst exhibited the highest glycerol conversion activity due to the
highest visible-light absorption compared to other photocatalysts, and also Au/
TiO, photocatalyst had an appropriate mechanism of e ~h* transfer to proceed
the surface reaction

Grabowskaa et al. [188] prepared novel decahedral TiO, modified with Ru or
Rh NPs, synthesized by hydrothermal method. The results showed that the novel
material, which contains 0.2wt.% Rh (0.2-Rh/TiO,-HT), exhibited the best
optical properties and a high degradation rate for phenol under UV-vis light
(79% of phenol was degraded after 90 min of irradiation). Utsunomiya et al. [189]
reported photodecomposition of NH; to H, and N, using metal-supported
photocatalysts Ni-TiO, in an aqueous NHjz solution under UV irradiation at
room temperature. Possible reaction pathways by which N, and H, were formed
through NH,-NH, coupling and NH; decomposition proceeded via the forma-
tion of NH,-NH,. Ni’ can be suggested to have enhanced the reaction pathways
via H,N-NH,, because Ni’ was present in the catalyst that showed a higher
catalytic activity than others. Faraji et al. [190] fabricated RGO/Ag/TiO, nano-
tubes/Ti plates with high photocatalytic activity via electrochemical reduction of
graphene oxide on Ag/TiO, nanotubes. The results of photocatalytic experiments
demonstrated that the RGO/Ag/TiO, nanotube/Ti plate exhibits significantly
enhanced photocatalytic activity for the photocatalytic degradation of MB dye:
89% MB molecules are decomposed within 120 min (conditions: 10 ppm aqueous
solution of MB, five plates with a geometric area of 6 c¢m?, and UV light
irradiation). Evidence indicated that RGO/Ag plays as important role in facilitat-
ing charge separation/transfer in TiO, nanotubes (Figure 8.18).

249



250 | 8 Photocatalysis: Activity of Nanomaterials

TiO, nanotubes/Ti ﬁ

UV light o
TiO, nanotubes/Ti n e Ag
\ 1 Ag 4% 2
— 3
] =0, 0,
RGO
ve 1] h*
Ti sheet h* h* ht ‘HZO/OH-» *OH

Figure 8.18 Ag/TiO, nanotube plates coated with RGO as photocatalysts (reproduced with
permission from Ref. [190]. Copyright 2016, Elsevier).

8.5.2 Magnetic Hybrid Photocatalysts

Magnetically separable photocatalysts, as a new generation of photocatalysts,
belong to a family of heterogeneous catalysts. The heterogeneous magnetic
photocatalyst could be easily recovered by the use of magnetic field. Magnetic
supports could overcome the limitation of separation from the liquid phase;
thus, the photocatalyst could be effectively recycled by applying an external
magnetic field [192]. Recently, many spinel-type ferrite complex oxides with
visible-light photoactivity have been found to be easily collected and recovered
for recycled use under an external magnetic field [193-199]. Moreover, spinel
ferrites also have many other attractive benefits, such as biocompatibility,
strong adsorption ability, remarkable mechanical hardness, and high electro-
magnetic performance [195,196].

Among them, ZnFe,O,4, CoFe,O,4, NiFe,O,4, MgFe,;04, and MnFe,O, are well-
known narrow bandgap semiconductors that have various photocatalytic applica-
tions owing to their visible-light response and excellent photochemical stability.
However, magnetic spinel ferrites alone have been proven to be photocatalytically
less active because of the lower valence band edge potentials and poor performance
in photoelectric conversion [54]. So, the design of the binary, ternary, and
quaternary ferrite-based composite photocatalysts has been investigated very
widely [192-205].

8.5.2.1 Binary Heterostructures
Many studies have reported the use of magnetically separable spinel ferrite-
graphene photocatalysts. Graphene is a two-dimensional carbon material with
high surface area, excellent conductivity, and unique graphitic basal plane structure.
At present, the design and fabrication of graphene-based photocatalysts with high
catalytic activity and magnetically separable function are very actual [201-205].
Fu et al. [201] prepared MnFe,O,4/graphene photocatalyst through one-step
hydrothermal method. MnFe,O, NPs have an average diameter of 5.65 nm and
their coupling with graphene sheets leads to high photocatalytic activity for the
degradation of MB under visible light irradiation in the absence of hydrogen
peroxide (Figure 8.19a). MnFe,0,/G(0.3) has a specific surface area sample of
179.30 m*.g~" and a typical hysteresis loop in its magnetic behavior, indicating that
it is a soft magnetic material (Figure 8.19¢). The introduction of graphene into
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Figure 8.19 Magnetically separable MnFe,O4/graphene heteroarchitectures. (a) photocata-
lytic degradation of MB over (a) pure MnFe,0,, (b) MnFe;04/G(0.15), (c) MnFe,04/G(0.20), (d)
MnFe,0,4/G(0.25), (€) MnFe,0,/G(0.40), (f) MnFe,0,/G(0.35), and (g) MnFe,04/G(0.30); (b) rate
constant for the photodecomposition of MB on MnFe,0O,/graphene photocatalysts with
differing graphene content (inset: total organic carbon removal on MnFe,0,/G(0.30)
photocatalyst; (c) hysteresis loops of pure MnFe,0, and MnFe,0,/G(0.3) (the inset is the
magnetic separation property of MnFe,0,/G(0.3) nanocomposite); and (d) photodegradation
rate of MB in solution for three cycles using MnFe,0,/G(0.3) photocatalyst (reproduced with
permission from Ref. [201]. Copyright 2012, American Chemical Society).

MnFe,O,4/graphene photocatalyst leads to a qualitative change in the photocata-
lytic performance; the highest was obtained with 30% (w/w) graphene in MnFe,O,4/
graphene sample. The saturation magnetization (Ms), remanent magnetization
(Mr), and coercivity (Hc) values of MnFe,0,/G(0.3) are 3.34 emu g_l, 6 emu g_l,
and 142.83 Oe, respectively. This suggests that MnFe,0,4/G(0.3) photocatalyst can
be easily separated from the solution phase using an external magnet (Figure 8.19c).

More examples of coupled semiconductors can be found such as CuFe,O,/
graphene for the degradation of methylene blue under visible light irradiation [202],
ZnFe,O4/graphene [203], NiFe,O,4/graphene [204], and CoFe,O,/graphene [205]
for the degradation of MB. Fu et al. [205] reported about CoFe,O4/graphene
nanocomposite 40% (w/w) for the degradation of dyes (MB, RhB, MO, active black
BL-G, and active red RGB) under visible-light irradiation. It was shown that 40% (w/
w) graphene in CoFe,O4/graphene gave the best performance in photocatalytic
activity and almost all MB molecules in the solution were decomposed after
240 min.
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Figure 8.20 Magnetic photocatalyst Fe30,/BiOCl nanocomposite. (a) Field-dependent
magnetization of Fe;0,/BiOCI at 300K (inset: a photograph showing magnetic recycle of the
Fe30,/BiOCI magnetic photocatalyst), (b) first-order plots for the photocatalytic degradation
of RhB under visible-light irradiation using different samples (inset: absorption changes of
direct photolysis and adsorption control experiments), and (c) scheme of possible charge
carrier transfer in magnetic photocatalyst as-synthesized Fe;0,/BiOCl system (reproduced
with permission from Ref. [192]. Copyright 2009, Elsevier).

Zhang et al. [192] prepared a novel magnetic photocatalyst, Fe30,/BiOCl
nanocomposite, by the chemical route and it was found that Fe30,/BiOCl was an
effective photocatalyst to degrade organic dyes (Figure 8.20). The photocatalytic
activity of the superparamagnetic Fe;O,/BiOCI was investigated by the degrada-
tion of RhB dye in water (30 mg/l) under visible-light (1> 420 nm) irradiation.

8.5.2.2 Ternary Heterostructures

In recent decades, in addition to the binary heterostructures, a lot of different
ternary heterostructured composite photocatalysts have also been explored.
Among them, ZnS-CdS-Zn;_,Cd,S heterostructures with tunable morphology
(0-2 D) [206], Ag-BiVO,/InVO, composite [207], hierarchical Ag/Ag,S/CuS
ternary heterostructure composite [208], and so on. In this section, we will mainly
focus on four widely distributed types of the ternary heterostructures: FezO,4-
based, AgsPO,-based, g-C3Ny-based, and BiOX-based photocatalysts.

8.5.2.2.1 Fe3;0,-based Photocatalysts
Zhan et al. [209] reported on magnetic photocatalysts of cenospheres coated
with Fe3O4/TiO, core/shell nanoparticles decorated with Ag nanoparticles
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Figure 8.21 Photocatalytic activity of the Ag-decorated Fe;0,/TiO,-coated cenospheres. (a)
FESEM images of Ag-decorated Fe;0,/TiO,-coated cenospheres, (b) hysteresis loops of as-
prepared cenospheres at room temperature, and (c) effect of irradiation time on the
degradation rate of MB solution under visible light (reproduced with permission from

Ref. [209]. Copyright 2017, Elsevier).

(Figure 8.21a). Cenosphere, which is primarily composed of SiO,, possesses the
favorable characteristics of nontoxicity, high chemical stability, low cost, light
weight mass, good insulation, and hollow spherical morphology. Because of the
unique hollow structure and physical mechanics properties, it can float on the
surface of water and absorb more solar light and thus might be used for environ-
mental treatment. The hysteresis loops of the as-prepared cenospheres at room
temperature (300 K) are represented in Figure 8.21b. As shown in the inset, the Ag-
decorated Fe30,4/TiO,-coated cenospheres can be attracted by a magnet. The
Fe30,4-coated cenospheres deposited with a film of TiO, nanoparticles show a
saturation magnetization 31emug™', whereas the Ag-decorated Fe;O,/TiO,-
coated cenospheres have a saturation magnetization of 21 emug™' and can be
also attracted by a magnet. The calculated bandgap for Ag-decorated Fe30,/TiO,-
coated cenosphere was far smaller (xx eV) than the theoretical value of anatase
titania (3.2 eV). The DRS and photocatalytic degradation of MB dye results show
that the photocatalytic activity of the Ag-decorated Fe;O4/TiO,-coated ceno-
spheres are much higher than that of the Fe30,/TiO,-coated one, which is ascribed
to the surface plasmon resonance of Ag nanoparticles (Figure 8.21c).
Habibi-Yangjeh et al. [210] reported novel magnetic Fe304/ZnO/NiWO,
nanocomposites. The evaluation photocatalytic activity under visible-light
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irradiation was investigated for three dye pollutants of rhodamine B (RhB), MB,
and MO. The optimal photocatalytic activity was exhibited by Fe3O,/ZnO/
NiWO, (40%) nanocomposite with 97.9% of RhB degradation during light
irradiation for 300 min.

Many other studies on magnetic photocatalysts such as Fe30,/ZnO/CoWO, [211],
rGO/Fe;04/AgsPO, [212], g-C3Ny/Fe;04/Ag,CrO, [213], Fe30,@C@CdS [214],
and so on have also been reported.

8.5.2.2.2 Ag;PO,-based Photocatalysts
In 2010, Yi et al. [215] reported the use of AgsPO, as an active visible-light-driven
photocatalyst for the oxidation of water and photodecomposition of organic
compounds. Silver orthophosphate (AgzPO,) is a semiconductor with a narrow
bandgap of 2.45 eV, which strongly absorbs visible-light irradiation (Figure 8.22).
Since then, various coupled photocatalytic systems, such as AgzPO,/
TiO, [216-218], AgsPO4/Ag/ZnS [219], and AgzPO,4/Ag/SiC [220] composites
have been developed to improve the photocatalytic activity and/or stability of
Ags;PO,.
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Figure 8.22 Crystal structure (a), optical property (b), and schematic drawing of redox
potentials (c) of AgsPO, photocatalyst (reproduced with permission from Ref. [215].
Copyright 2010, Nature Publishing Group).
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Shekofteh-Gohari et al. [221] reported about novel magnetically separable
Zn0O/AgzV0O,/Fe;0, nanocomposites prepared by a facile refluxing method with
8:1 weight ratio of ZnO/AgzVO, to Fe;O,4, which has a superior activity in the
degradation of RhB under visible-light irradiation. AgsVO, have a narrow
bandgap energy of about 2.1 eV, while Fe;O, is well-known magnetic material.
ZnO/Ags;VO,/Fe30, nanocomposite has remarkable absorption in complete
range of the visible radiation. The saturation magnetization for the nanocompo-
site at 8500 Oe is 4.9 emu g™, which is high enough to be magnetically separated
from the solution after decontamination processes. The photocatalytic activity of
the nanocomposite was about 11.5-fold higher than that of ZnO/Fe3;0O,
nanocomposite.

8.5.2.2.3 g-C;N,-based Photocatalysts
Since Wang et al. [222] developed graphitic C3N, (g-C3N,) as a visible-light-active
photocatalyst for water splitting (Figure 8.23a—c), g-C3Ny-based photocatalysis has
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Figure 8.23 Optical and photocatalytical properties of g-CsN, catalyst. (a) Crystal structure of
graphitic carbon nitride, (b) optical properties of graphitic carbon nitride, and (c) stable
hydrogen evolution from water by g-C3N, ((i) unmodified g-C3N4 and (ii) 3.0 wt.% Pt-
deposited g-C3N, photocatalyst) (reproduced with permission from Ref. [222]. Copyright
2009, Nature Publishing Group).
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become a very hot research topic. g-C3N4 has a bandgap of about 2.7 eV, with the CB
and VB positions at about —1.1 and about +1.6eV versus normal hydrogen
electrode (NHE), respectively. This electronic structural character suggests that
the g-C3N, could photodegrade organic dye under visible-light irradiation. g-C3N,
can be used for various photocatalytic applications, such as water splitting, CO,
reduction, dye degradation, and so on.

The cation or/and anion doping or coupling g-C3N, to another semiconductor
is an effective approach to create heterojunctions for extended absorbance and
improved charge separation, which could further enhance its photocatalytic
efficiency. A large number of semiconductors have been coupled with g-C3N,
to form semiconductor—semiconductor heterojunctions because visible-light
photocatalytic efficiency of g-C3N, is still relatively low and far from the
requirements for practical applications. Different g-C;Ny-based composites
have shown superior photocatalytic degradation of organic pollutants
(Ag2C03/g-C3N4 [157], g—C3N4/Ce02/ZnO [166], AggO/g—C3N4/FegO4 [195],
g-C3N,/Fe;04/Ag,CrOy4 [213], and g-C3Ny/Fe304/AgzPO,4/Co30, [223]), hydro-
gen production (C-TiO,@g-CsN, [224] and NiTiO3/g-C3N, [225]), and so on.

8.5.2.2.4 BiOX-based Photocatalysts

Bismuth oxyhalides BiOX (X =Cl, Br, and I) are another category of Bi-based
semiconductors. Recently, bismuth oxychloride (BiOCI) has attracted particular
attention among researchers because of its excellent photocatalytic and photo-
luminescence properties. For example, it has high photocatalytic activity for the
degradation of organic dyes [226—229]. The layered structured BiOCI possesses
wide bandgap (E;) of 3.4eV and hence efficient separation of photoinduced
electron—hole pair. It is noted that with increasing atomic number, the bandgap of
BiOX (X =ClI, Br, and I) becomes narrower, 3.2 eV for BiOClI, 2.7 eV for BiOBr,
and 1.7 eV BiOI, which could allow to maximize their photocatalytic activities in a
large range [230]. Various approaches for improving the photocatalytic activity of
BiOX photocatalyst have been proposed including doping, surface modification,
and coupling with other semiconductor.

Ge et al. [229] reported that flower-like BiOCI hierarchical structures were
successfully synthesized in the presence of eutectic choline chloride/urea mix-
tures through a solvothermal process (Figure 8.24a). The optical properties were
studied using UV-vis DRS indicating a bandgap of 3.05 eV, which is suitable for
photocatalytic decomposition of organic contaminants (Figure 8.24b). The
evaluated photocatalytic activity, by the degradation of RhB in aqueous solution
under sunlight irradiation, did not change after five cycles (Figure 8.24c).

Various bismuth oxyhalide-based photocatalysts can be classified as photo-
catalytic heterostructures that can be activated with visible light radiation.
Many of these compounds have been mainly investigated for oxygen and
hydrogen evolution from water splitting; nevertheless, degradation of organic
pollutants has also been carried out under visible or solar light. Different
magnetic BiOX-based photocatalysts were reported in literature: BiOBr-
ZnFe,0, [231], CoFe,04/BiOX (X =Cl, Br, and I) [232], BiOBr/CoFe,O, [233],
NiFe,O4/BiOBr [234], Bi4OsBr,/BizsO31Br;0/BizSiOs [235], Nig 5Zng sFe,O4@-
PANI-modified BiOCl [236], and so on.
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Figure 8.24 Flower-like hierarchical BiOCl photocatalyst. (a) SEM images of the BiOCl
photocatalyst with flower-like hierarchical structure, (b) UV-vis diffuse reflectance spectra
and (ahv)? versus hv curve of flower-like BiOCl, and (c) the photodegradation of RhB in
solution for five cycles using flower-like BiOCl (reproduced with permission from Ref. [229].
Copyright 2015, the Royal Society of Chemistry).

8.6 Photocatalytic Activity

Environmental pollution has drawn much attention to the vital need for eco-
logically clean materials and chemical technologies. Photocatalysis is one of the
solutions to address the environmental contaminants. This section provides a
detailed overreview of the environmental applications of different semiconductor
and semiconductor-based heterostructures. The huge studies regarding water
photocatalytic purification refer to a big class of exogenous pollutants such as
dyes, pharmaceutical drugs, and heavy metal ions. The photocatalytic hydrogen
production and CO, reduction in the presense of photocatalysts under UV
irradiation or solar light are also included in this section.

8.6.1 Photocatalyst for Water Decomposition

Hydrogen (H,) is considered an alternative energy resource that can be regarded
as renewable and environment-friendly. The mechanism for photocatalytic water
decomposition includes the absorption of solar light, generation of electrons—
holes, and catalytic reactions for H, or O, evolution. For H, generation, the
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bottom of the CB should be lower than the H*/H, redox couple (0.0 V versus
NHE) and the top of the VB should be higher than the H,O/O, redox couple
(+1.23V versus NHE) [237]. So, the development of single and hybrid nano-
structures with enhanced photocatalytic activity for hydrogen generation has
gained a lot of attention [238-243].

Quaternary oxide photocatalysts with perovskite-type structure with the
general formula ABO;3; have been mainly investigated for both H, and O,
evolution from aqueous solutions. Parida et al. [241] reported about the synthesis
of nanophotocatalyst LaFeO3 with orthorhombic perovskite structure by sol—gel
autocombustion method (Figure 8.25). The highest amount of H, and O, evolved
in 180 min over LaFeOj; activated at 500 °C was recorded to be 1290 and
640 pmol, respectively, having an apparent quantum efficiency (AQE) of 8.07%.

(@) (b)

Amount of H, and O, evolution (umol)

600 700 800

Activation temperature (°c)

) hv
Charge transfer
2 H,
2 H,0
4 H*
4H"+ 0, Redox transfer

Photocatalyst

Figure 8.25 Nanocrystalline LaFeOs as an efficient visible-light-responsive photocatalyst for
water decomposition. (@) HRTEM micrographs of LaFeOs; activated at 500 °C, (b) the amount
of H, and O, gas evolution over LaFeO3 nanoparticles as a function of activation
temperature, and (c) schematic representation of the mechanism of water splitting
(reproduced with permission from Ref. [241]. Copyright 2010, Elsevier).
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Zhao et al. [242] fabricated ternary graphitic carbon nitride/red phosphorus/
molybdenum disulfide heterostructure with different amounts of MoS, (g-C3N,/
RP-3.18/MoS,-Y (Y =0.14, 0.33, 0.52, and 0.80 wt%), where Y refers to the loading
weight percentage of MoS,). The highest initial H, generation rate of
2579 ymol-g~"-h™! is approximately 859.7 and 4.4 times more than that of
pure g-C3N, and g-C3Ny/RP-3.18, respectively. Under the irradiation of visible
light, the highest total H, evolution amount 515.8 pmol-g~" is obtained for the
catalyst with 0.52 wt% MoS, loading during a reaction time of 2h (H, evolution
amount is 0.6 pmol-g™" for pure g-C3N,, 118 umol-g™" for g-C3N,/RP-3.18, and
515.8 pmol-g_1 for C3N4/RP-3.18/Mo0S,-0.52 over reaction time of 2 h).

Fang et al. [243] investigated H, generation on CogsCdg5S/g-C3N,4 composite
photocatalyst. The highest rate of H, production is up to 6.31 mmol g~" h™" under
visible light (4>400nm). Another sulfide photocatalyst CdS/NiS prepared by
Zhou et al. [244] using one-pot hydrothermal method showed superior H,
evolution of 24.37 mmol h™" g~" over CdS/NiS obtained under visible light.

Many other single and g-C3N,-based nanocomposites (binary oxides [245],
vanadates [246], titanates [247], ortoferrire [248], niobates [249], etc.) can be
activated with visible light for water splitting and have been investigated as
photocatalysts. Depending on synthetic approach, these heterostructures have
shown high photocatalytic performance for water decomposition under various
catalytic conditions including the light source, amount of the catalyst, and H,
generation rate.

8.6.2 Photocatalyst for Dye Degradation

Dyes are among the largest group of toxic organic compounds, which represent
a danger to environment and human beings. The photocatalytic degradation of
organic dyes is of great importance in water treatment. Synthetic dyes such as
MB, RhB, and MO (Table 8.3) are widely used in the paper and textile
industries. Wastewater containing these dyes has to be treated adequately
before discharge into the environment. Therefore, the development of low-cost
and efficient adsorbents for the removal of organic dyes from waste effluents is
of considerable environmental importance. In recent years, many research
works have paid increasing attention to the degradation of dyes in water by
heterogeneous photocatalysis [250-271]. Although most dyes can be easily
degraded by heterogeneous photocatalysis, the degradation rate depends upon
the family of the dye and the used semiconductor photocatalyst [250]. Dye
molecules can be easily excited by UV irradiation or visible light to allow
transfer of electrons from the valence band to the conduction band of the
semiconductor photocatalyst, leaving holes behind. These electron—hole pairs
move to the surface catalyst where they initiate oxidation—reduction reactions
with adsorbed pollutants.

8.6.2.1 Methylene Blue

Although MB is not very hazardous, several side effects have been reported,
including carcinogenicity, mutagenicity, permanent burns to human and animal
eyes, toxic effects on aquatic organisms, and so on. This is why the photocatalytic
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Table 8.3 The chemical structure of the widely used dyes and its absorption band maxima
(Amax)-

Dyes Chemical structure Amax (NM)

Methylene blue N\ 660
e HSC\N/©: :@N/CHCi

520

(Red form)
440

(Yellow form)

Rhodamine B 551

degradation of MB by using heterogeneous photocatalysis is of vital
interest [251-256].

Helal et al. [251] reported about novel heterostructures of Fe;O3/Bi,S; nano-
rods synthesized via one-step hydrothermal route and employed effectively as
visible-light-driven photocatalysts for the degradation of organic pollutants such
as MB and phenol (Figure 8.26a). The results showed that a maximum degrada-
tion efficiency of MB ~90% was achieved after 300 min using 0.06Fe;O3/Bi,S3
molar ratio under visible light (Figure 8.26b).

Li et al. [252] reported on a novel magnetically separable BiOBr/NiFe,O,4
composite photocatalyst fabricated through a facile hydrothermal method.
The photocatalytic degradation of MB under the excitation of visible light
(Figure 8.27) confirmed that the BiOBr/NiFe,O, composite exhibited the best
performance with a degradation rate of 90% within 60 min for NiFe,O, amount of
20% (conditions: 10 mg of the catalyst, 10 ml of MB aqueous solution (10 mg-1™"),
A>420nm). The photodegradation mechanism of MB molecules by BiOBr/
NiFe,O, composite under the irradiation of visible light is presented in schematic
illustration diagram (Figure 8.27).
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Figure 8.26 Heterostructured Fe,03/Bi,S3 nanorods with enhanced photocatalytic activity under
visible light. (a) FESEM image of Fe,03/Bi,S3 heterostructure with a magnified image in the inset,
(b) a comparative photocatalytic activities of pure Bi,S; and Fe,03/Bi,S; heterostructure (MB
concentration: 10mgI™"; volume of MB: 200 mI~"; photocatalyst loading: 100 mg), and (c)
deduced energy band levels of Fe,05/Bi,S; heterostructure showing the charge separation
process [251]. (reproduced with permission from Ref. [251]. Copyright 2017, Elsevier).
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Figure 8.27 Photocatalytic degradation mechanism of MB over the BiOBr/NiFe,0,4 composite
photocatalysts synthesized by hydrothermal method (reproduced with permission from
Ref. [107]. Copyright 2017, Elsevier).
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Other spinel-based magnetically separable photocatalysts have been also
successfully tested for the degradation of MB under the presence of visible or
UV light including Ni,Zn;_,Fe;O,4 [253], CoFe,0,/CeO, nanocomposite [254],
graphene-Co,Zn;_,Fe;O, nanoheterostructures [255], CoFe,O,—graphene
hybrid material [256], and so on.

8.6.2.2 Methyl Orange

The different heterogeneous photocatalysts have been studied to determine their
photocatalytic oxidation properties for MO degradation [257-263]. Wang et
at [257] prepared nano-TiO, photocatalyst by sol-gel technique, on the basis of
which carbon foam-loaded nano-TiO, photocatalyst (nano-TiO,/CF) was syn-
thesized by impregnating load, baking, and forming methods. The results showed
that when the concentration ratio of tetrabutyl titanate to absolute ethyl alcohol
was 1:8, impregnating load twice, and baking at 500 °C, the obtained nano-TiO,/
CF photocatalyst exhibited the most desired efficiency for the degradation of MO
solution, reaching up to 83-87% (conditions: 0.1 g of TiO,/CF photocatalyst,
20mg-1"" methyl orange solution). In this case, activated carbon can possibly
prevent recombination of electron—hole pairs.

Trandafilovi¢ et al. [258] prepared ZnO NPs doped with different Eu®*
concentrations in water (ZnO:Eu(x%)-W) and other solvents (methanol ZnO:
Eu(x%)-M and ethanol ZnO:Eu(x%)-E). The results indicated that the most
effective samples were ZnO:Eu(3%)-W and ZnO:Eu(10%)-M (complete color
degradation was observed after 60 min, 1 mg catalyst, 10 ppm aqueous solution of
methyl orange).

Dorraj et al. [259] reported on a novel Cu-TiO,/ZnO heterojunction nano-
composite that was synthesized for the first time via a two-step process by sol—gel
method. The results showed that the degradation efficiency of MO reaches 83% in
the presence of 3% Cu-Ti0,/30%Zn0O nanocomposite after 60 min of irradiation
time. This excellent photocatalytic activity was mainly attributed to the formation
of heterojunction favouring efficient separation of photoinduced electron—hole
pairs at the interface.

Magnetically recyclable nanophotocatalysts for the treatment and remediation
of dyes have also gained much attention during the past few years because of their
high surface area, low bandgap, high efficiency, and excellent recyclabil-
ity [260,261]. Mousavi et al. [260] reported on novel magnetically separable g-
C3N,/Fe30,/AgsPO,/AgCl nanocomposites, prepared by a facile ultrasonic
irradiation method. It was found that g-C3N,/Fe30,4/AgsP0O,/AgCl(30%) nano-
composite displayed the highest photocatalytic activity for the degradation of MO
and can be easily separated from the solution by an external magnetic field.

Another magnetically separable photocatalyst was reported by Rahimi-Nasra-
badi et al. [261]. Cerium-doped copper ferrite NPs (CuFe,_,Ce,O,) synthesized
by an autocombustion method showed about 66% of MO degradation after
60 min irradiation of UV light.

8.6.2.3 Rhodamine B
RhB is widely used as a colorant in textiles and food industries and is also a well-
known water pollutant. It is harmful to human beings and animals and causes
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irritation of the skin, eyes, and respiratory tract. It carcinogenicity and toxicity
have been experimentally proven. Thus, systematic efforts to degrade RhB from
aqueous medium using different photocatalysts have attracted great attention.

Golzad-Nonakaran et al. [264] reported on ZnO/Agl/Ag,CO3 nanocomposites
fabricated by an ultrasonic irradiation method. Photodegradation of dye pollu-
tants (RhB, MO, and MB) under visible-light irradiation measurements con-
firmed that after light irradiation for 75 min, about 98.7% of RhB molecules were
degraded over ZnO/Agl/Ag,CO3(30%). Based on the results, the enhanced
photocatalytic activity was attributed not only to the generation of more charge
carriers but also to more suppression of electron—hole pair recombination, due to
the formation of tandem #n—#n heterojunctions (Figure 8.28a).

Mousavi et al. [265] prepared magnetically separable ternary g-CsN,/Fe;O,/
BiOI nanocomposites as novel visible-light-driven photocatalysts. It is shown that
molecules of RhB are almost completely (around 98 %) degraded over g-C3N,/
Fe30,/BiOI(20%) nanocomposite under visible-light irradiation for 180 min
(conditions: ([RhB] =1 x 10> M, photocatalyst weight=0.1g) (Figure 8.28b).

A novel magnetically separable quaternary visible-light-driven g-C3N4/Fe3O0,4/
AgsP0O,/Co30, nanocomposite was fabricated by Mousavi et al. [223] using
ultrasonic method. The g-C3N4/Fe30,4/AgzP0O,4/Co30,4 nanocomposites showed
considerable photocatalytic activity for the degradation of RhB under visible-light
irradiation; in 150 min, RhB is almost completely degraded. Another novel
magnetic g-C3Ny/Fe;0,4/Agl/Ag,CrO, nanocomposite was prepared via reflux
method by Akhundi et al. [266], which exhibited excellent performance for the
photocatalytic degradation of RhB under visible-light irradiation (99.4% degra-
dation of RhB in 150 min). The same research group of Akhundi et al. [267]
prepared very similar quaternary magnetically recoverable g-C3N4/Fe3O,4/Ag/
AgySO; plasmonic photocatalyst. The composite degraded 99% of RhB
in 270 min, whereas about 38 and 49% of degradations were achieved over
g-C3N, and g-C3N4/Fe3z0,, respectively.

More examples of different photocatalysts for rhodamine B degradation can be
found in the literature such as Fe304/ZnO/CuWO, [268], Ag,O/g-C3N,/
Fe30,4 [195], RGO-supported ferrite (MFe,O4, M=Mn, Zn, Co, and Ni)
hybrids [269], bentonite/g-C3N,/AgzPO, [270], and so on.

8.6.3 Photocatalyst for Pharmaceutical Drugs Degradation

Recently, antibiotics and other pharmaceutical drugs are widely applied to treat
various human and animal diseases [272]. The presence of such pharmaceutical
compounds in environment may cause adverse effects on aquatic life. In recent
decades, different heterogeneous photocatalysts have been extensively investi-
gated under UV or solar light irradiation for the degradation of pharmaceutical
drugs, such as paracetamol (La/ZnO [273]), amoxicillin (CsN,@MnFe,O4-gra-
phene [200]), metronidazole (C3Ny@MnFe,O4-graphene [200]), tetracycline (Ag/
AgCl—Fe0 [196], C3Ny @MnFe,O4-graphene [200], Ags;PO,/CuBi,O, [274],
NGQDs-BiOI/MnNb,Og  [275], Ag/TiO, [276]), carbamazepine (Bi**/
NaBiOs [277]), amplicillin (BiOCl/graphene [278], BiOCl/chitosan [278],
WO3/BiOCl/graphene [279], Bi,O3/BiOCl/graphene [280], Bi,O3/BiOCl/
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Figure 8.28 The photocatalytic degradation mechanism of rhodamine B over the (a) ZnO/
Agl/Ag,CO3 nanocomposites (reproduced with permission from Ref. [264]. Copyright 2016,
Elsevier) and (b) g-C3N4/Fe30,4/BiOl nanocomposites (reproduced with permission from
Ref. [265]. Copyright 2016, Elsevier).

chitosan [280]), oxytetracyline (NGQDs-BiOI/MnNb,O¢ [275], BiOCl/gra-
phene [278], BiOCl/chitosan [278], WO3/BiOCl/graphene [279], Bi,O3/BiOCl/
graphene [280], Bi,O3/BiOCl/chitosan [280], Au-CuS-TiO2 [281]), ciprofloxacin
(C3Ny@MnFe,O,4-graphene [200], NGQDs-BiOI/MnNb,Og [275], g-C3N,/
BiPO, [282]), doxycycline (NGQDs-BiOI/MnNb,Og [275]), and sulfamethoxazole
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(WO3/TiO, [283]), have been degraded by applying different heterogeneous
photocatalyst.

Ha-Tran Thi et al. [273] prepared visible light-driven photocatalyst of lantha-
num (La) doped ZnO NPs by a facile precipitation method. La-doped ZnO
photocatalysts were applied to treat 100 mg L™ paracetamol in aqueous solution
under visible-light irradiation after 3h. With a degradation efficiency of 99%,
1.0 wt% La-doped ZnO photocatalyst showed the highest photocatalytic activity
for the degradation of paracetamol.

Shi et al. [274] reported about the preparation of AgzPO,/CuBi,O, (ACBO)
composites with a small quantity of AgsPO, NPs (0.5-10wt.%) that were
synthesized by an in situ precipitation method. The results indicated that
ACBO with 5wt.% content of AgzPO, (ACBO-5) exhibited the highest photo-
catalytic activity for the degradation of tetracycline under visible light irradiation,
which is around 2.79 and 2.16-fold higher than that of pristine AgsPO, and
CuBi,0y,, respectively.

Newly designed magnetic g-C3Ny4/MnFe,O4/graphene (C3Ny@MnFe,O4-G)
composites with enhanced photocatalytic activity were successfully synthesized
by Wang et al. [200]. The photocatalytic behavior of C3N,@MnFe,O4-G was
estimated in photo Fenton-like degradation of antibiotic pollutants, including
metronidazole, amoxicillin, tetracycline, and ciprofloxacin, using persulfate
(S,04°7) as an oxidant under visible light illumination. It was shown that
C3N @MnFe,04-G composites show a superior catalytic activity with 94.5%
removal of metronidazole that was almost 3.5 times as high as that of pure g-
C3Ny. It was explained that a p—n heterojunction can be easily formed and the
direct recombination of electrons and holes is greatly minimized when the n-type
g-C3N, is coupled with p-type ferrites [200].

Liu et al. [196] prepared magnetically separable Ag/AgCl zero valent iron NPs
(ZVIPs) impregnated zeolite X (Ag/AgCl/(x)Fe-ZX) photocatalysts by hydro-
thermal precipitation—photoreduction method for tetracycline (TC) degradation.
The Ag/AgCl/(x)Fe-ZX could be effectively separated from water due to the good
magnetic property. When the content of the ZVIPs increased, the photocatalytic
efficiency of Ag/AgCl/(x)Fe-ZX increased. The photocatalytic efficiency of TC
degradation was maximum as the weight ratio of ZVIP was 5%. The TC
degradation efficiency was 92% at 3 h (the initial TC concentration, 100 mgl™";
the dosage of Ag/AgCl/(0.05) Fe-ZX, 1gl™").

Yan et al. [275] prepared novel nitrogen doped graphene quantum dot-BiOI/
MnNb,Og p—n junction photocatalysts by a simple hydrothermal method.
Antibiotics such as tetracycline, oxytetracyline, ciprofloxacin, and doxycycline
were chosen as target pollutants to explore the photocatalytic performance
under visible light. The obtained results showed that within 60min of
irradiation, the tetracycline degradation ratio of 5% NGQDs-Bi/Mn sample
reached 87.2%. The proposed degradation pathways for photocatalytic degra-
dation of tetracycline with 5% NGQD-Bi/Mn sample is shown in Figure 8.29.
Under visible-light irradiation for 120min, 57.4% of ciprofloxacin, 64.7%
of doxycycline, and 72.1% of oxytetracyline could be degraded, suggesting
that the 5%NGQD-Bi/Mn sample was an efficient photocatalyst for antibiotic
degradation.
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8.6.4 Photocatalyst for Reduction of Heavy Metal lons

Water pollution by heavy metals has become a serious problem because of their
adverse effects on ecological systems and human health. Heavy metals such as copper,
chromium, cadmium, lead, zinc, mercury, and nickel are highly toxic, mutagenic, and
carcinogenic at even relatively low concentrations [284]. Thus, the photocatalytic
removal of heavy metals is rapidly gaining importance in wastewater treatment.

Chromium exists in the aquatic environment mainly in two states: hexavalent
Cr(VI) and trivalent Cr(Ill). Hexavalent chromium Cr(VI) is known to be toxic
and carcinogenic, whereas Cr(III) is less toxic and can be readily precipitated out
of solution in the form of Cr(OH)3. The most probable Cr(VI) species in aqueous
solutions are Cr,O2, CryOi , HyCrO4 and HCrOj, although the relative
distribution depends on the solution pH, the Cr(VI) concentration, and the
redox potential.

Zhang et al. [285] synthesized a new high-efficiency visible-light photocatalyst
fabricated from SnS, and conjugated derivative (CPVA) by thermal dehydration of
polyvinyl alcohol (PVA), and evaluated its performance in photocatalytic reduction
of aqueous Cr(VI). The results showed that SnS,/CPVA nanocomposite (SnS,/
CPVA-1%-180°C-2h) had exceptionally higher photocatalytic activity in the
reduction of aqueous Cr(VI) under visible-light irradiation (4> 420 nm, 50 mg It
K,Cr,0-, the dosage of the catalyst 300 mg, 100% reduction after 150 min).

Several studies were reported on the photocatalytic reduction of Cr(VI) from
wastewater by using different TiO,-based heterogeneous photocatalysts [286—290].
Zheng et al. [286] reported on the synthesis of hierarchical TiO,/SnO, photo-
catalysts with different morphologies. Almost 99% of Cr(VI) were reduced after UV
irradiation for 60 min of TiO,/SnO, nanobelts, which is higher than that of Degussa
P25 (conditions: the dosage of the catalyst 100 mg, 10 mg1~* K,Cr,O, at pH 3). It
can be explained by a better charge separation, fast and long-distance electron
transport, and large surface-to-volume ratio of TiO,/SnO, nanobelts.

Kumordzi et al. [291] prepared a composite catalyst of TiO, and graphene
synthesized by a hydrothermal treatment method. It was used to photoreduce Zn
(IT), the most abundant heavy metal found in combined sewer overflows (CSOs).
The TiO,—graphene composite photocatalyst showed a 20.3 +0.04% increase in
the photoreduction of Zn** under solar light compared to undoped TiO,. This
enhancement is a result of the availability of more sorption sites, decrease in
bandgap of the TiO,, and effectiveness of the charge separation in TiO,—
graphene composite catalyst.

There are few studies in the literature reporting on heterogeneous photo-
catalysis, which demonstrated a remarkable photocatalytic activity for other
heavy metals removal: Cr(III) (TiO4/SiO, [292]), Co(II) (TiO,/SiO, [292]), Pb
(IT) (TiO,/Si0; [292,293], TiO4/ZrO, [293], and Gd/CeO, [294]), Cd(II) (TiO,/
SiO, [293] and TiO,/ZrO, [293]), Ni(II) (TiO, [295,296]), U(VI) (TiO, [297]), Hg
(IT) (Ag/AgBr-Ag,CO;3 [298]), Cu(Il) (ZrO,/TiO, [299]), and so on.

8.6.5 Photocatalysts for CO, Reduction

Photocatalytic CO, reduction offers a strategy for converting solar energy into
chemical energy and to reduce greenhouse gases produced by industrial activities.
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Intensive studies have focused on the photoreduction of CO, to valuable fuels
such as methane (CH,), carbon monoxide (CO), methanol (CH3;OH), formic acid
(HCOOH), or other compounds. Photocatalytic reduction of CO, with H,O into
hydrocarbon fuels such as CH, and CH3OH is a reaction with a highly positive
change in Gibbs free energy:

CO, + 2H,0 — CH30H + 3/20,(4G° = 702.07 kJ mol™)
and CO, + 2H,0 — CHj + 20,(AG° = 818.17 k] mol™)

Thus, input energy is demanded to overcome these reaction barriers with the
assistance of photocatalysts [300].

As illustrated in Figure 8.30 [301], photocatalytic CO, reduction mainly
consists of five steps:

e Adsorption of CO, and the reductant,

e Generation of electrons (e”) and hole (h") on the conduction band (CB) and
valence band (VB) of the semiconductor,

e Transfer of e~ and h™ to the surface of the catalyst,

® Reaction between the electrons/holes and the surface adsorbed species, and

¢ Desorption of the products and re-adsorption of the reactants.

Photocatalytic reduction of CO, was reported for the first time by Inoue et al. in
1979 [302] using various semiconductors, that is, WO3, TiO,, ZnO, CdS, GaP,
and SiC. Since then, numerous photocatalysts have been reported for effective
CO, reduction. Among the various proposed photocatalysts, TiO, and TiO,-
based heterostructures have been extensively studied over the past several
decades for photocatalytic CO, reduction because it is cheap and environ-
ment-friendly [152,303—306]. Other various semiconductors such as MeS-based
composites [307,308], g-C3Ny-based composites [309,310], Bi,WO, [311],

p’(\O“

R eso"
Figure 8.30 Schematic illustration of the main five steps in photocatalytically converting CO,

with CO, CH30H, and CH, as examples of possible CO, reduction products (reproduced with
permission from Ref. [301]. Copyright 2017, Elsevier).
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Figure 8.31 Reaction schemes for the photocatalytic reduction of CO, with H,O on (a)
Ag3P0,4/g-C3N, composite (reproduced with permission from Ref. [310]. Copyright 2015,
American Chemical Society) and on (b) BiOl/g-C3N, photocatalysts (reproduced with
permission from Ref. [313]. Copyright 2016, American Chemical Society).

bismuth oxyhalides (BiOX, X = Br, I) [312-314], and so on have also been
reported as photocatalysts for effective CO, reduction. For example, a combina-
tion of the g-C3N, with other proper semiconductors such as Ag;PO, (Figure
8.31a) and BiOI (Figure 8.31b) not only extend the visible-light absorption
capacity but also improve the separation of electron—hole pairs. It provides a
great enhancement of the photocatalytic activity for different hybrids and will
undoubtedly help in the development of the next generation of photocatalysts for
environmental applications.
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