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Preface

Photocatalysis depicts a remarkable class of chemical transformations. It uses the 
energy delivered by light and causes hard, sometimes even impossible, reactions to 
conduct in the darkness. This book deals with a variety of photocatalysis topics.

Chapter 1 by Awwad et al. introduces the principles, opportunities, and applications of 
photocatalysis. Chapter 2 by Muslim and Ahmad discusses the many applications of 
metal-organic frameworks (MOFs), including in healing metals and heavy metal 
cations and for antimicrobial applications and photocatalytic indoor environmental 
remediation. The commercial exploitation of MOFs in using planet-saving solar energy 
photocatalysis innovations could be more influential with the assistance of industrial 
partners and various stakeholders. Chapter 3 by Barci and Hao clarifies the need for 
raw materials and eco-friendly and cost-effective strategies for detecting and extract-
ing materials to satisfy the semiconductor market and its applications. Since the 
semiconductor market is increasing progressively, driven mainly by the automotive 
industry, solar cells, smartphone products, the Internet of Things (IOT), and virtual 
reality (VR) applications, the demand for raw materials, suppliers, and material 
manufacturing is also increasing. With scientific progress, more materials, alloys, and 
intelligent materials are being used and thus we need to consider environmental, 
moral, and ethical aspects when choosing materials for any product, service, or system. 
Novel techniques such as light detection and ranging (LiDAR), robotics, autonomous 
haulage systems, and remote operating and monitoring centers assist in maintaining a 
suitable equilibrium and enable the increasing semiconductor market trend. Chapter 4 
by Mittal discusses the usage of self–cleaning coatings or surfaces, as there is a growing 
demand for self-disinfected and hygienic surfaces. Self-cleaning coatings can be 
employed in automobile windshields, textiles, antifouling membranes, paints and 
building construction materials, optoelectronic devices like solar panels, and the 
medical device and food industries. This chapter presents an outlook on nano titanium 
dioxide (TiO2)-based super hydrophilic self-cleaning surfaces by giving a general idea 
of various systems and approaches that could enhance the self-cleaning manners of 
TiO2 in the solar spectrum. The exposed crystal facets in TiO2, metal and non-metal 
doping, and dye sensitization are tailored by the hybrid structure of TiO2, graphene, 
and graphitic monolayer’s TiO2-semiconductor heterojunctions, attributing to visible-
light photocatalytic self-cleaning activity. Chapter 5 by Ezhumalai and Kumaresan 
focuses on the synthesis methods and applications of g-C3N4 and g-C3N4-based materi-
als in energy storage. g-C3N4-based composites have unique characteristics and a wide 
range of applications for energy storage and conversion. Chapter 6 by Mohapatra and 
Park addresses the principal objectives of water purification using a triple-phase 
catalyst. Under irradiation, charge carriers are formed on the surface of the photocata-
lyst, and the success of pollutant molecule degradation critically depends on the 
interaction between the surface and the target molecules. The novel triphasic photo-
catalytic design with superhydrophobic triphasic interface architecture will allow the 
immediate delivery of oxygen straight from the air to the reaction interface when 
compared with state-of-the-art diphasic photocatalytic systems, thus minimizing 



electron-hole recombination and resulting in remarkably high efficiency. Recently, a 
solid surface’s super wettability (especially underwater superoleophobicity) has 
attracted much attention. Chapter 7 by Nguyen et al. examines the use of “green” 
agents to fabricate materials. The chapter shows that integrating a sufficiently large 
amount of Fe3O4 will make the composites magnetic enough to separate them from the 
aqueous solution by an external magnetic field. This characteristic is significant, 
overcoming the inherent disadvantage of nanomaterials, which disperse too well and 
are challenging to recover. The summarized research also shows an excellent combina-
tion between a magnetic metal oxide and a semiconductor metal oxide, which plays a 
crucial catalytic role in the photodegradation of pollutant compounds, especially 
organic pollutants. Chapter 8 by Estrada et al. is an overview of semiconductor photo-
catalysis, emphasizing carbon and metal sulfide nanocomposites as photocatalysts for 
wastewater treatment. The coupling of metal sulfides with graphene derivatives 
platforms has been used synergistically to prevent photo-corrosion of metal sulfide 
phases and increase the photocatalytic performance of heterostructures. The chapter 
shows that an increase of graphene or graphene derivative content above a certain value 
in the hybrid nanostructure decreases the degradation efficiency. Using graphene 
nanocomposites at a large scale with cost-effective production, high photostability, and 
high photocatalytic efficiency is challenging. These challenges need to be addressed to 
guarantee the future commercialization of graphene nanocomposites on a large scale 
for environmental applications. Chapter 9 by Yoshimoto and Satoshi et al. discusses 
various types of skin aging, including chronologic aging and photo-aging involving 
ultraviolet (UV) radiation, visible light, and others. UVA and UVA photocatalysis 
(involving photosensitizers) contribute to the production of chronically induced skin 
damage that results in photo-aging, especially wrinkles associated with histopathologi-
cal actinic elastosis in the dermis. The chapter proposes a screening method to study 
the effects of antioxidants on UVA photosensitization. It provides new findings for 
photo-aging prevention by discussing the characteristics of UVA photocatalysts in the 
skin. Chapter 10 by Dzinun et al. discusses mussel and cockle shells as agricultural 
wastes for photocatalyst applications. The authors use a solid-state dispersion (SSD) 
method to prepare a composite photocatalyst in which mussel and cockle are integrated 
with TiO2 nanoparticles at a ratio of 9:1. It is interesting to note that the prepared 
composite photocatalyst particle is nanosized to enhance photocatalytic performance. 
Chapter 11 by Barraza-Jiménez et al. studies anthocyanidins in the gas phase and under 
the effects of solvents like water, ethanol, n-hexane, and methanol using density-
functional theory (DFT) and time-dependent density-functional theory (TD-DFT) 
electronic structure calculations for applications as natural dyes in photocatalysis. 
Conceptual DFT results show that cyanidin, malvidin, and pelargonidin present good 
charge transfer properties. Cyanidin presents a lower electron reorganization energy 
(λe) when water is used as the solvent. TD-DFT is used for excited state calculation, 
and absorption data shows prominent peaks in a wavelength between 479.1 and 536.4 
nm. The chapter discusses the UV–Vis absorption spectra generated and the solvent 
effects in each case. These pigments are good options for photocatalysis applications, 
and the best choices for dye sensitization are cyanidin, malvidin, and petunidin, after 
including the more common anthocyanidins in the analysis. In Chapter 12, Mohammed 
reviews the research on natural fiber (NFr)-reinforced composites and the constraints 
that have emerged in their development and serviceability. These constraints must be 
addressed before NFrs can be utilized successfully. Furthermore, the chapter describes 
how surface-based photocatalyst nanoparticles (PHNPs) could increase NFr adhesion 
to their matrix and reduce NFr moisture absorption. Therefore, surface treatments 
IV V

with PHNPs can modify the characteristics of NFr. Chapter 13 by Mittal discusses the 
fabrication of advanced nanocomposites and related challenges, such as low efficiency 
and selectivity towards hydrogen evolution under the illumination of solar energy. This 
chapter examines recent developments in photocatalysts, and heterojunction fabrica-
tion factors influencing the photocatalytic process for the dynamic production of 
hydrogen. Finally, Chapter 14 by Venkateshwaran et al. discusses the important 
parameters affecting the activities of both Co3O4 and MnO2, such as phase and mor-
phology engineering, defects and crystal facets engineering, and strains and mixed 
metal-oxide formations. The chapter also discusses the fundamentals of water oxida-
tion and reduction reactions. Moreover, it investigates the electrochemistry behind 
MnO2 and Co3O4 for a better understanding of catalyst reactions and mechanisms. This 
chapter stresses the importance of MnO2 and Co3O4 as bifunctional catalysts by 
examining their fundamental electrochemistry, structure-activity relationship, and 
future directions in the field of metal-air batteries.

This book will inspire readers, researchers, and scientists to further examine newly 
developed photocatalysts and unlock new potential research tracks for additional novel 
development. We would like to express our gratitude to the contributing authors for 
their excellent chapters. We would also like to thank the staff at IntechOpen. 
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Chapter 1

Introductory Chapter: 
Photocatalysis – Principles, 
Opportunities, and Applications
Nasser S. Awwad, Amal A. Atran, Shaima M.A. Alshahrani 
and Mohamed S. Hamdy

1. Introduction

Photocatalysis is an applicable technology to control the pollutants and  
contaminations that are released by industrial activity to the nature. The impor-
tant feature of photocatalysis is that it is possible to replace the high-temperature 
reactions to eliminate contaminations with reactions that can take place at room 
temperature, hence, maintain fossil fuel for other purposes. Heterogeneous 
photocatalysis process implied a material (usually semiconductor) with a certain 
bandgap that can be activated by light (at certain wavelength). When the semi-
conductor crystal is subjected to light with a wavelength higher than the bandgap, 
electrons are normally activated and move from valance band to conduction band 
creating a positive hole instead, this process is called electron/hole separation. 
After formation of electron and holes, one of the two following situations might 
take place: a) recombination between the electron and holes or b) electron and 
holes reach the surface and activate an organic molecule on the surface of the semi-
conductor crystal, that is, electrons will participate in reduction process, while the 
holes participate in oxidation process. Several free radicals were detected as a result 
of photocatalytic process, notably hydroxyl radicals (•OH) and superoxide anions 
(O2

•−). The formed radicals are participating in the continuous reactions with the 
adjacent organic molecules until total minimization. Therefore, the overall process 
can be summarized in four main steps: (a) adsorption of organic molecule on the 
surface of the semiconductor crystal, (b) electron/hole formation, (c) reaction 
between electron and/or holes with the adsorbed molecule, (d) over-reaction 
might take place, and (e) desorption of the products (Figure 1) [1].

According to Scopus®, in the last 10 years (between 2013 and 2022), the 
researchers in different fields reported their research results in photocatalysis in 
more than 66,262 papers (Figure 2). Out of these papers, 7850 papers reported the 
findings in the area of air purification. From these papers, only 1258 papers (only 
1.8% of the total photocatalysis publications) discussed the utilization of photoca-
talysis to purify air from short-chain hydrocarbons. These statistics clearly show 
that the research in the field of air purification from hydrocarbons needs attention 
to be developed and improved. Hence, more efforts must be performed in this 
research area because a clean environment is one of the research strategic plans in 
most countries.
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2. Short-chain hydrocarbons in air

The release of pollutants and contaminants in nature associate with the industrial 
revolution since the 1800th. Since that, humans were able to release huge amounts of 
pollutants into air, water, and soil. As the population increases rapidly, the industrial 
activities have to grow at the same—or even more—rate. As a result, nature is badly 
affected by releasing such contaminants and severe problems were developing in 
animals, plants, water, and of course in humans. Few reasons have been identified 
as main sources of increasing pollutants and contaminations in air, water, and soil. 
Those reasons include the not-well-planned industrial growth, the continuation of 
using the old fashion technologies in several simple and manual industries, the pres-
ence of huge numbers of small-scale industries with poor facilities, and more impor-
tantly, insufficient waste disposal. Scientists realized the fact of fighting/controlling 
contaminations since 1950s when they realized that contaminations can be a real 
threat to the nature. Since that, many attempts were reported to control the environ-
mental problems, which have been caused due to the industrial contaminations such 
as controlling the pollutants in air and in drinking water [2].

Figure 2. 
The number of publications in the last 10 years of the photocatalysis research. The orange line represents the 
number of photocatalysis in hydrocarbon elimination area.

Figure 1. 
The photocatalytic process over semiconductor crystals.
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The hydrocarbons with a short-chain skeleton, either saturated or unsaturated 
(also called C1-C3) are representing the threats to the earth. C1-C3 VOC can be 
released into air from different sources, such as oil plants, during their production 
and/or in the chemical industries when they are used in them. C1-C3 VOC can be also 
released as a result of combustion processes, such as waste burning. Moreover, the 
C1-C3 VOC can also be found in the exhaust fumes of different vehicles, moreover, 
they can be also found as a result of natural gas combustion in gas power plants. 
The importance of catalysis for eliminating/reducing human effects on the environ-
ment was established several years ago. Generally, almost 95% of the environmental 
pollution control is carried out by using catalysts. Catalysis considers the major 
key technology for controlling gas emissions in the different types/scale industries. 
Catalysis can control gas emissions in two ways, first: by minimizing the number of 
waste by-products, and second: by treating the gases emitted during the industrial 
activities. The famous example of automotive catalytic converter is a perfect example 
of controlling the gas emission by catalysis.

The catalytic reaction of the saturated C1-C3 VOC (e.g. methane, ethane, and 
propane) is not easy because of the high stability of these compounds. The activation 
energy needed to oxidize these compounds is high to activate the very stable C-H 
bonds, while the unsaturated hydrocarbons (e.g. ethylene and propylene) are easy 
to be oxidized and over oxidized to produce CO2. Conventional catalysis techniques 
such as full oxidation by using noble metals (Au, Pt, Rh, or Pd) or the metal oxides 
of transition elements and doped metal oxides are effective to degrade C1-C3 VOC at 
elevated temperature (sometimes 800°C). The needed high temperature in addition 
to the ease poisoning of the catalysts makes the commercialization of such process not 
feasible because of the extremely high cost of the overall process [3].

3. Semiconductors photocatalysts

Several semiconductors were reported as photocatalysts such as TiO2, ZnO, CeO2, 
ZnSe, ZrO2, Nb2O5, WO3, SiC, and CdS. The bandgap of each material determine 
the energy needed from light to be activated, i.e. high bandgap materials need high 
energy and low wavelength light such as UV, while materials with small bandgap need 
low energy and higher wavelength light such as visible light. Generally speaking, 
the photocatalysts should be stable, cost-effective, abundant, non-toxic, active, and 
operate under different conditions. The photocatalytic process implies the absorption 
of a photon with a higher energy than the bandgap, hence the electron will be excited 
from the valence band to the conduction band and electron/hole pairs will be formed. 
If both reach the surface, electron can participate in reduction reaction and the hole 
will participate in oxidation reaction. TiO2 is one of the most interesting materials, 
and the most studied one in photocatalysis research. This is because TiO2 is abundant, 
nontoxic, stable, and very active under UV illumination. However, due to its wide 
bandgap (3.2 eV), it cannot utilize visible light to be activated. Several attempts have 
been reported to shift the adsorption band of TiO2 toward visible light region, such 
as doping TiO2 with other metal or metal oxide, creating sub-energy level in TiO2 
lattice, decreasing the crystal size of TiO2 to nano-level, or forming composite with 
another material. Several transition elements were reported as dopant for TiO2, and 
it showed a shift in the bandgap toward the visible light region such as Cr6+, V5+, and 
Fe3+. Moreover, nobel metals such as Ag, Au, and Pt were also reported as an electron 
trap in TiO2, however, this system is difficult to commercialize due to high cost of 
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the materials. Creating a sub-energy level also attracts several researchers to increase 
the activity of TiO2 in visible light. ZnO is a white powder with a bandgap of 3.2 eV, 
it has been studied as an active photocatalyst, and it exhibited higher photoactivity 
in several reactions. Moreover, the degradation of several antibiotic compounds is 
present in water such as amoxicillin, ampicillin, and cloxacillin. The comparison 
between ZnO and TiO2 in the fever of ZnO was discussed. It has been shown that the 
degradation of cellulose bleaching effluent was investigated by using ZnO and TiO2 
as photocatalysts, ZnO showed better activity than TiO2. ZnO, again, showed better 
activity than TiO2 in the degradation of Acid Red 14 dye. Furthermore, high activity is 
also reported for ZnO than TiO2 (Degussa P25) in the degradation of Acid Brown 14 
dye under different operating conditions. WO3 is a pale yellow semi-conductor metal 
oxide with a bandgap of 2.8 eV. Here, WO3 differs from TiO2 and ZnO in its light 
adsorption capacity, it absorbs light up to 500 nm, which indeed gives an advantage 
over TiO2 and ZnO. Many authors reported the photocatalytic activity of WO3 with a 
certain co-catalyst [4].

4. Oxygen-defected semiconductors

The oxygen-defected semiconductors attracted a lot of interest in the last decade. 
The idea behind the oxygen-defected semiconductors is modifying the semiconduc-
tor lattice through the presence of few oxygen vacancies. This can be achieved via 
either synthesis of the semiconductor in limited oxygen environment (two-step 
synthesis) or extracting some oxygen from the lattice of the semiconductor (two-step 
synthesis). The high photocatalytic activity of the oxygen-defected semiconductor 
can be related to the creation of a sub-energy level below the conduction band of the 
semiconductor. This sub-energy level can be used for electron relaxing after electron/
hole pair formation, therefore, this relaxing minimizes the recombination between 
the photo-generated electrons and holes. In Figure 3, the creation of sub-energy level 
and its role in photocatalysis process is illustrated.

TiO2 was the first reported semiconductor that can create oxygen-defected sites in 
the crystals lattice. Mao et al. reported in Science [5] that reduced titania (TiO2 − x), 
which contains oxygen vacancies sites, VO-Ti3+, is much more active under the visible 
light illumination than the equivalent TiO2. Mao used the hydrogenation technique at 
elevated temperature to reduce the commercially available TiO2. Later, it was reported 
the one-step in-situ reduction of TiO2 by NO and CO as reducing gases to produce 
blue titania, the produced material showed high photocatalytic performance in water 

Figure 3. 
The oxygen-defected TiO2 and the sub-energy level created as a result of oxygen vacancies.
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splitting reaction than neat titania. It has been pointed out that the high activity of the 
hydrogenated titania in the decomposition of water contaminants (sulfosalicylic acid 
and phenol) under the illumination of UV. Several reports were published describ-
ing different techniques to create Ti3+ in TiO2 such as the thermal treatment under 
vacuum or poor oxygen environment and thermal treatment at elevated temperature 
with reducing agents. More complicated methods were also reported such as laser 
treatment at elevated temperature > 500 K or bombardment with high-energy 
particles such as neutrons or γ-ray.

Moreover, the oxygen-defected ZnO was synthesized by several techniques such 
as the reduction of ZnO thin films by biogenic tactic. The photocatalytic performance 
of the prepared material was evaluated in the degradation of different dyes and 4- 
nitrophenol, results showed higher degradation rate than neat ZnO, however, stability 
of the oxygen-defected ZnO was not discussed. Furthermore, it was presented a 
computational study about the oxygen-defected sites in ZnO. In a third study, it was 
discussed the synthesis of oxygen-defected ZnO nanorods by thermal treatment for 
zinc acetate as a precursor, and although the photocatalytic activity was higher than 
neat ZnO in the degradation of methylene blue dye, stability was not discussed. It is 
interesting to mention that sometimes oxygen-defected semiconductors can create 
colored material such as blue titania black ZnO. The synthesis of black ZnO was 
achieved by hydrogenation technique. Black ZnO showed higher photocatalytic activ-
ity than the corresponding ZnO.

Oxygen-defected WO3 as a photocatalyst was less explored. Only few studies 
demonstrated the computational calculations about the presence of oxygen-defected 
WO3, stability was not discussed. In a recent report, it has been reported the elec-
tronic structure of WO3 was changed by incorporating different metals, however, the 
discussion about oxygen-defected and the stability were not discussed.

5. Carbon nitride g-C3N4

Graphitic carbon nitride is a very versatile material discovered in 1843 by Berzelius 
and Liebig [6]. The interesting thing about  is that several techniques have been 
reported for the synthesis of C3N4 with a variety of precursors such as the thermal 
decomposition of melamine. Moreover, it was reported that the synthesis of carbon 
nitrides can be proceeded through a condensation method with cyanurchloride and 
calcium cyanamide. In another synthesis procedure, high pressure and high tempera-
ture were applied to create carbon nitride from 2-amino-4, 6-dichlorotriazine. In 
another study, it was reported that the synthesis of carbon nitride can be performed 
by using cyanurchloride and sodium amide by heating at 200°C in benzene. Recently, 
carbon nitride has attracted the researchers in photocatalysis area because its small 
bandgap makes it utilize light in visible light areas of the solar spectrum. Hence, the 
choice of the precursor and the synthesis conditions are extremely important factors 
to achieve the demanded structure.

One of the famous composites was g-C3N4 with TiO2. Chang et al. [7] reported a 
sol-gel technique to create a series of TiO2/g-C3N4 composites. The composite showed 
an excellent liquid phase photocatalytic decolorization of rhodamine B (RhB) dyed 
solution. C3N4-TiO2 composites exhibited 2.4 to 7.0 times higher than solo TiO2 or 
N-TiO2. Gu et al. [8] reported the synthesis of anatase TiO2 nano-sheets composite 
with (g-C3N4). The synthesis procedure was the solvent evaporation method. The 
composite exhibited superior photocatalytic degradation activity of several organic 
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compounds under the illumination of UV and visible than the parent TiO2 and C3N4. 
Zhou et al. [9] reported the synthesis of g-C3N4/TiO2 by pyrolysis process of urea 
and titanium hydroxide. The formed material was evaluated in the gas phase photo-
reduction of carbon dioxide and water vapor to form CO and CH4. In this paper, the 
authors confirmed the formation of nitrogen-doped TiO2 together with g-C3N4 as a 
separate phase. The photocatalytic behavior of the composite was much higher than 
the commercial P25. Wang et al. [10] reported the heating of carbon nitride precursor 
together with TiO2; however, the formed composite was adjacent to particles C3N4 and 
TiO2. Although the formed composite was two separate phases, however, the pho-
tocatalytic activity was much higher than the parent TiO2 in H2 evaluation reaction. 
Another trial has been reported for the solid state reaction of C3N4 precursor and TiO2 
by Boonprakob et al. [11]. The composite of g-C3N4/TiO2 was prepared under Ar flow, 
and the formed sheets were tested in the degradation of methylene blue under visible 
light. The composite exhibited also higher photocatalytic activity than the parent TiO2 
and C3N4. However, again, the structure formed was adjacent to two separate phases 
of the mesoporous C3N4 and the crystalline TiO2. Core-shell structure was not fea-
sible. A third trial was to perform the solid state reaction between the carbon nitride 
precursor and the pre-synthetized TiO2. Although the authors claimed the formation 
of a thin layer of carbon nitride around the titania particles, but the HR-TEM images 
they presented did not show such structure, in addition to, and based on our primary 
experiments, the ratio of C3N4 precursor/TiO2, which they presented, cannot lead to a 
core-shell structure.

6. Porous ceria

Recently, our research group succeeded to fabricate porous ceria with high surface 
area, almost six times higher than commercial ceria. The interesting thing about the 
porous ceria is the morphological structure. Commercial ceria has bulky plate-like 
structure, which is always present in agglomerated form. However, the prepared 
porous ceria exhibited sponge-like structure with rough surface containing plenty of 
voids, caves, and channels. This structure was achieved by using citric acid as a fuel in 
a simple flash combustion method (Figure 4) [12].

Figure 4. 
SEM micrograph of porous ceria.
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doping with transition elements and the photocatalytic activity is under investigation.
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Chapter 2

Historical Developments in
Synthesis Approaches and
Photocatalytic Perspectives of
Metal-Organic Frameworks
Mohd Muslim and Musheer Ahmad

Abstract

Metal–organic frameworks (MOFs) have witnessed fast-growing development in
inorganic chemistry as well as material chemistry due to their attractive tunable property,
structural specificity, high surface area, and porosity of 3D structures. The conventional
semiconductor nature of MOFs is dependent on the photoactive organic ligands and their
optimization with incorporated active metal center ion, which have enjoyed these prop-
erties in the photocatalytic mechanism via efficient photogenerated charge carriers under
the illumination of sunlight (UV-Visible) and other different types of lights. To improve
photocatalytic efficiency, a wide range of MOFs could be easily designed to cover and
harvest UV irradiation from the sunlight. A wide variety of MOFs have been designed
and synthesized as photocatalysts for photocatalytic degradation of organic pollutants,
photocatalytic specific redox in organic synthesis, and function in photoelectrodes. In
addition, the mechanisms and current challenges for MOFs in photocatalytic degradation
of organic pollutants will be thoroughly discussed. This chapter discusses recent research
advances in the use of MOFs as emerging photocatalysts.

Keywords: metal–organic frameworks, photocatalytic degradation, photocatalysis
mechanism, photoelectrodes, photocatalytic selective redox

1. Introduction

1.1 General introduction

Metal–organic frameworks (MOFs) are crystalline three-dimensional (3D) hybrid
materials composed of metal ions and metal clusters linked by polydentate organic
ligands [1]. MOF metal centers act as templates, connecting to organic linkers via
coordinative metal–ligand interactions and electrostatic attraction. MOFs esthetical
chemistry is determined by the interaction of a specific metal secondary building unit
with organic ligands [2]. The organic linker may have the same topology but a different
metric, creating an isoreticular set of structures that share the same basic net. The
importance of coordination bonds and other weak interactions (pi-electron, H-bond, or
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Van der Waals interaction) in MOF synthesis could be taken for granted. MOFs have
high crystallinity, large surface area, high pore volume, and low framework density [3].
They are promising materials for a variety of applications, including clean energy
storage (methane and hydrogen), CO2 capture, absorption, and various separation
processes [4–6]. In general, MOFs are made up of two parts: cluster or metal ion nodes
and organic linkers that connect the SBUs, resulting in crystalline structures with sig-
nificant porous texture development. MOFs can also be used as thin-film devices, for
biomedical imaging, light harvesting, optical luminescence, catalysis, and other various
applications [7]. MOF-5 and HKUST-1 are two well-known MOFs used as a
photocatalyst in the synthesis of synthetic organic molecules (Figure 1) [9]. The inter-
actions of a specific metal secondary building unit with organic SBUs determine the
chemistry of MOFs. The combination of these structures results in an enormous number
of possibilities for synthesizing various MOFs with tailored functional properties [10].

The various types of MOFs are produced by using various SBU and organic linkers.
As can be seen, different pore shapes of the MOFs framework can be achieved
depending on the organic linker. Polytopic organic linkers include carboxylates,
phosphonates, sulphides, azoles, and heterocyclic compounds [8]. Several SBUs and
organic ligands used in the synthesis of MOFs are depicted in Figure 2. When Yaghi
et al. synthesized MOF-5 in 1995, they made the first reference to the synthesis of
metal–organic frameworks. Since then, a large number of these materials have been
studied and classified into various categories in the literature [3, 11, 12]. UIO-66 from
Universiteti I Oslo, MIL from Materials of Institute Lavoisier, and ZIF-based MOFs
from Zeolite Imidazolate Framework, among many others MOFs have been used in
the photocatalytic degradation [13, 14].

1.2 Historical developments

MOF-5 was first synthesized by Yaghi and his colleagues in 1999 as Zn4O
(BDC)3�(DMF)8(C6H5Cl) using zinc nitrate and H2BDC (1,4-benzenedicarboxylate)
as a precursor. Structural transformation of MOFs occurs when exposed to variable

Figure 1.
Schematic representation of the synthesis of MOF-5 and HKUST-1 using different secondary building units (SBUs) and
organic linkers. Free spaces in the framework are represented by yellow and blue spheres (reproduced from Ref. [8]).
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water concentration environments [15]. Despite the fact that such a structure can be
reversed by thermal treatment of the frameworks. Hausdorf and his colleagues stud-
ied the photocatalytic activity of zinc carboxylate-based MOFs (MOF-5) in water.
Furthermore, Laurier et al. reported in 2013 that when exposed to visible light, iron
(III)-based MOFs can photodegrade Rhodamine 6G in an aqueous solution [16].
Meanwhile, Serre and Sanchez synthesized the Ti8O8(OH)4(O2C–C6H4–CO2)6 (MIL-
125(Ti)) in 2009 [17]. When exposed to visible light, iron(III)-based MOFs can
photodegrade Rhodamine 6G in an aqueous solution. The Fe-O cluster itself could
indeed act as a semiconductor to absorb visible light and then induce electrons from
organic ligands and entire photocatalysts’ surface [18].

2. Advance features of MOFs

2.1 Ultrahigh porosity of MOFs

Metal–organic frameworks (MOFs) with ultrahigh porosity are useful in a variety
of applications, such as gas storage, separation, and catalysis. It is usually vulnerable to
conscience because of the large void space inside the crystal framework. Expanding
the organic linker chains should lead to increased porosity of MOFs in general [19].
The porous nature of high porosity MOFs was first demonstrated in the 1990s. The
reported metal–organic framework (MOF-2010) had a large Langmuir surface area
(6240 m2 g�1) and pore volume (3.60 cm3 g�1 and 0.89 cm3 cm�3) (Figure 3) [21].
The porous nature of high porosity MOFs was first demonstrated in the 1990s, with no
encapsulation of guest molecules in their pores. MOFs frameworks exhibit ultrahigh
porous behavior with reversible gas storage properties [22]. They are excellent
candidates for use in the creation of novel and valuable MOF materials.

Figure 2.
Synthetic scheme for different zirconium-based metal–organic frameworks (MOFs) were synthesized using the
same secondary building units (SBUs) and different organic ligands (reproduced from Ref. [8]).
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2.2 Ultrahigh surface area of MOFs

The isoreticular expansion premise has made significant progress in the generation
of ultrahigh surface area MOFs. This method has been used to summarize some of the
appreciable surface areas of MOFs, such as MOF-2105 and NU-1004 [23, 24]. When
the solvent is removed, an increase in linker causes MOFs to collapse. Supercritical
carbon dioxide activation has proven useful in addressing this issue. Although a long
chain of linkers can result in the formation of interpenetrated structures, synthesizing
MOFs in topographic networks can mitigate this tendency. Ultrahigh surface area of
MOFs has been developed to overcome the problem of water shortage (or high
humidity) consistency [22, 25]. This has led to the development of NU-1106 and DUT-
327, both of which are based on the rht and umt topologies. Large surface area MOFs
(NU-1103) have been reported with a larger surface area of 5646 m2 g�1 (BET area of
6550 m2g�1) (Figure 4) [23, 26, 27].

2.3 MOFs with Lewis acid frameworks

Multicomponent reactions (MCRs) combine three or more reaction partners in one
skillet to produce organic products. MCRs have played an important role in drug
discovery and pharmaceutical applications. Brønsted and Lewis acids have been used
to accelerate multiple MCR reactions at the same time [28]. Metal–organic frame-
works (MOFs) have emerged as an important class of crystalline porous materials for

Figure 3.
(a) The connectivity of pyr and qom nets along with [3, 6] coordinates; (b) pairs of pyr nets; (c–e) qom is not self-
dual; (d) qom connectivity with dual tiling net; (e) different net from the original net of the (c); (f) porous net of
MOF-177; (g) porous net of MOF-180; and (h) porous net of MOF-200. Where yellow ball indicates the
porous cages, Zn is blue; O is red; C is black, and hydrogen atoms are omitted for clarity (reproduced from
Ref. [20]).
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the development of high-efficiency single-site solid photocatalysts. MOFs are com-
posed of inorganic metal ions or clusters and organic linkers with organic atoms and
molecules (Figure 5a) [20, 29]. A set of strict MOFs with acidic sites based on
electron-deficient high-valent metallic sources (ZrIV, HfIV, etc.) have been developed
and used to catalyze biologically important transformations. The acidity of Brønsted
and Lewis acids was increased by converting immaculate doped or other Zr-capping
substituents (Figure 5b) [28, 30]. A 2D MOF with self-supporting nanostructure
morphological characteristics and freely available Lewis acidic Zr-OTf sites has
outperformed two three-dimensional (3D) MOFs for the fabrication of a wide range
of synthesized tetrahydroquinoline and aziridine carboxyl group derivative products

Figure 4.
Representation of large pores (indicated by blue spheres) and small pores (indicated by purple spheres) in the ftw
topological networks of NU-1103 (reproduced from Ref. [23]).

Figure 5.
The generation of strongly Lewis acidic Zr-OTf sites in Zr6OTf-BPDC, Zr6OTf-BTC, and Zr6OTf-BTB is
illustrated and compared using (a) MOF nodes and ligands, (b) structures and pore distributions, and (c)
coordination defects or capping residues (yellow color) (purple: Zr, red: O, gray: C, yellow: Lewis acidic site).
Where H atoms are omitted for clarity (reproduced from Ref. [28]).
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(Figure 5c). Zr6OTf-BTB outperformed the relatively homogeneous standard Sc
(OTf)3 in terms of significantly higher turnover numbers and 9–14 times longer
catalyst lifetime [31]. It was eventually used to effectively create a few biologically
active drug targets via MCRs.

2.4 Flexible and porous MOFs

Porous coordination polymers (CPs) or metal–organic frameworks (MOFs) have
received a great deal of attention as smart materials. MOF-based materials, such as
MOF composite materials, have piqued the interest of electrochemical energy storage
and conversion researchers [32]. In addition to MOFs, there are also soft porous
crystals (SPCs), which appear to be reversible or multistable crystalline solids with
long-range structural ordering and repairable state transformation [33]. Flexibility
frequently comes at the expense of decreased stability, and porosity loss is common.
Polymeric guests prevent the framework from collapsing spontaneously, resulting in
novel and stable porous phases [34]. This strategy was also used to stabilize highly
porous MOFs after activation, preserving porosity. Polymerization of monomer units
within MOF pore spaces is widely acknowledged as a simple and convenient method
for polymer-porous material interbreeding. Kitagawa and colleagues demonstrated
the incorporation of common vinyl polymers, polypyrrole (PPy), and polythiophene
(PTh) into appropriate nanochannels of different MOFs [35]. Polypyrrole (PPy) is a
polymer that has been shown to be a good electrical conductor for superconductors
and has been used to improve MOF electrical properties and encourage their use in
energy storage applications and supercapacitors [36] (Figure 6). Researchers believe
that inserting a conducting polymer guest into such materials could change the porous
behavior of the host frameworks.

3. Synthesis approaches of MOFs

The solvothermal synthesis method has been used for the synthesis of MOFs using
organic solvents, such as N, N dimethylformamide (DMF), methanol (MeOH), etha-
nol (EtOH), and acetonitrile [38, 39]. To form and self-assemble MOF crystals, metal
components and organic linkers are commonly dissolved in an organic solvent. The
heating rate during synthesis is typically less than 220°C, and crystal growth times

Figure 6.
The reversible phase transformation for stabilization of soft nature MOFs (reproduced from Ref. [37]).
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range from a few hours to several days. Significant advances in the synthesis of MOFs
have been made after two decades. Several useful synthesis techniques for MOFs and
their utility have been reported, including electrochemical, microwave-assisted,
mechanochemical, and sonochemical methods [40] (Figure 7a, b).

The ability to manipulate and customize the morphology of mesoporous crystals,
as well as their synthetic functionalization, is critical in delivering the desired charac-
teristics and outcomes for MOF materials [42–44]. MOF crystal growth has led to the
development of more advanced and tunable methods of synthesis for controlling MOF
crystal morphology and size, as well as heavily doped to begin creating hybrid MOF
crystals [45]. This section of the time frame that follows provides an overview of some
of the key advances in this area of research (Figure 8).

3.1 Solvothermal method

Metal–organic frameworks can be successfully synthesized using solvothermal
(Figure 9) and hydrothermal strategies, which appear to be very simple and well-known
methods modified from zeolite synthesis [48]. In most cases, the metal component and
the carboxylic acid linker are bonded in a suitable solvent. The ability to produce large
crystals, less expensive, and use a high bandwidth of heat are just a few advantages of
using this method over simpler approaches [49]. The DMF solvent is widely recognized

Figure 7.
(a) The popular synthesis methods for synthesis of MOFs; (b) the utility percentages of synthesis methods
(reproduced from Ref. [41]).
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as the best solvent for this purpose. Microwave-assisted applications can help to improve
reaction efficiency but are limited by low product yield and long reaction times, high
heat, and the use of toxic organic solvents, such as cadmium iodobenzene [50].

3.2 Microwave-assisted method

Microwave-assisted synthesis methods make use of the interaction of electromag-
netic waves with polar solvent ionic species (Figure 10). MIL-101(Fe) was synthe-
sized at 150°C using dimethyl formamide, with a yield of 20% and particle sizes
similar to 200 nm [51]. Increasing the concentration of water or the pH reduced
crystal size. Microwave heating at 210°C was also used to synthesize Cr-Mil-101 MOF.
Zr-based MOFs exhibit excellent chemical and thermal stability, resulting in strong
coordination interactions of zirconium Zr(IV) ions with organic ligands [52]. The
microwave was also used to help in the synthesis of Cr-MIL-101 at 95 °C and for a
shorter duration of 9 minutes to generate MOF-5. A solvothermal method for prepar-
ing pure phase MIL-140 is likely to result in superior chemical stability with less
preparation time than conventional electric heating strategies. In 2013, Ren et al. used
this process to produce highly crystalline UiO-66 MOF octahedral-shaped crystals for
H2 storage capacity [53].

3.3 Vapor diffusion method

The vapor diffusion method was the first synthetic route used to create MOFs
structure. This method produces high-quality crystals, but it requires high ligand

Figure 8.
The time framework for the development of the MOF synthesis methods (reproduced from Ref. [46]).

Figure 9.
Schematic representation of the solvothermal synthesis method for synthesis of metalorganic frameworks
(reproduced from Ref. [47]).
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solubility. For the first time, Smaldone and his colleagues characterized a series of
cyclodextrin-based metal–organic frameworks (CD-MOFs) [54]. In addition, Forgan’s
group created cyclodextrin-based metal–organic frameworks (-CD-MOFs) by com-
bining -CD with K+, Rb+, and Cs+ in an aqueous medium and then vapor diffusion
with MeOH [54]. They obtained single crystals of -CD-MOFs with crystal sizes rang-
ing from 200 to 400 nm in 2–7 days (Figure 11). Wu et al. used this method to make
[Pb(1,4-NDC)(DMF)] by dissolving Pb(NO3)2 and H2-1,4-NDC (naphthalene
dicarboxylate) in DMF inside one vessel and triethylamine in the other. The continu-
ous growth of MOF crystals was caused by the sustained diffusion of triethylamine
from the outer to the inner container [56].

3.4 Gel crystallization

Gel crystal growth is a useful strategy for MOF synthesis that involves adding an
emulsifier to the reaction medium. Das et al. synthesized MOF [Ba2(O3P(CH2)3PO3)]
3H2O by first dissolving the metal component, barium(II) chloride in water [57]. The

Figure 10.
Schematic representation of the microwave-assisted method for synthesis of metalorganic frameworks (reproduced
from Ref. [40]).

Figure 11.
Schematic representation of the vapor diffusion method for synthesis of metal–organic frameworks (reproduced
from Ref. [55]).

17

Historical Developments in Synthesis Approaches and Photocatalytic Perspectives…
DOI: http://dx.doi.org/10.5772/intechopen.107119



mixture was thoroughly mixed prior to forming a gel, and sheets of ethanedi-
phosphonic aqueous acidic remedy were equipped and nurtured for three weeks.
Despite the fact that this procedure is time-consuming, additional separation phases
are required to detoxify the product using the gel crystallization method (Figure 12).

3.5 Solventless method

Solventless synthesis methods are more advantageous because they allow the fab-
rication of MOFs without the use of toxic solvents and create a new identity through
studies of a few solventless synthesis of MOFs [59]. Mechanosynthesis is a fast,
scalable, and nontoxic method for producing MOFs. It involves ball bearings in a
stainless-steel vessel with reagents and a stoichiometric amount of solvent [60]. Sol-
ventless synthesis reduces solvent toxicity by expelling it from the reaction. The nano-
crystalline nature of the material is provided by the finishing, which can be
biosynthesized quickly at room temperature. After the vessel has been completely
closed and the reagent kits have been pulverized by proper mixing, the metal–organic
framework is addressed (Figure 13).

3.6 Sonochemical

The sonochemical synthesis of MOFs is a simple and effective method that involves
exposing the mixture to sonogram waves with frequencies ranging from 20 kHz to 10
MHz. The advantages of this approach include the lack of additional heat required, the
quick reaction time, and the creation of a narrow size distribution crystallization prod-
uct (Figure 14). The sonochemical synthesis method is suitable for the synthesis of
nanoscale crystals because particles are generated instantly inside local solvent cavity
regions with a short total lifetime (ms) and dimensions in the 10 nm range. MOFs

Figure 12.
Synthesis of Fe-MOFs via PdCl2-mediated gel crystallization methods (reproduced from Ref. [58]).
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produced at room temperature using a sonochemical synthesis method have dimensions
in the 10 nm range [63]. Fard et al. demonstrated the creation of a 2D MOF [Pb2(N3)
(NO3)L2], (L = 8-hydroxy quinolate) in an aqueous medium [64].

3.7 Electrochemical method

The electrochemical synthesis method provides an alternative approach to the
sonochemical procedure that does not require an external source of heat [65]
(Figure 15). Joaristi et al [67]. reported the synthesis of HKUST-1 on an anode side
with only an isopropanol solution and a copper mesh. MIL-100(Fe) has been synthe-
sized for the first time using a simple nucleation method [68]. The method involves
dissolving 1,3,5-benzenetricarboxylic acid in ethyl alcohol and Milli-Q moisture in an
electrolytic system under high pressure and temperature. MIL-100(Fe) crystals were
grown on pure iron substrates using a Fe electrode at temperatures ranging from 110
to 190°C. Heating a solution of BDC: HNO3: H2O: AA: DMF contributed to UiO-66
anodic/cathodic film deposition on zirconium foil. The anodic deposition has been
shown to improve MOF adhesion on zinc metal ions, in a study published in the
Journal of Organic Chemistry and Biomaterials (JICB) by researchers at the University
of California, Los Angeles [69].

Figure 13.
Schematic representation of solventless synthesis method of metal–organic frameworks (reproduced from
Ref. [61]).

Figure 14.
Sonochemical synthesis of the metal–organic framework (reproduced from Ref. [62]).
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4. Photocatalytic applications of MOFs

MOFs have recently received a lot of attention in the field of photocatalytic degra-
dation. Photocatalysis is a green technology that converts sunlight into chemical
energy [70]. MOFs have a large surface area and high porosity and are ideal candidates
for photovoltaics. MOF breakthroughs in organic contaminant degradation, water
splitting, and CO2 photoreduction [71]. TiO2 has a large bandgap (3.2 eV), which
limits its photocatalytic properties in the UV light region. This region accounts for
only 5% of the spectral region, resulting in low photocatalytic activity. In the last
decade, far more effort has been expended to improve light utilization by changing
TiO2 via anion/cation doping or incorporating it with other metals/semiconductors
[72]. These evaluations are limited to delineating the engineering premise and the
photocatalysts working principle.

4.1 Fundamental processes

MOF-based photocatalysis, like the vintage photodegradation phenomenon
formed for conventional semiconductor photocatalysts, followed four basic steps of
processes (Figure 16), which operate from their crystalline structure. The four
fundamental operating processes in MOF-based heterogeneous catalysis are as
follows [74]:

4.1.1 Photoexcitation step

MOF-based photocatalysts could occur via inorganic SBU or organic ligands. MOFs
generally have low absorptions in the UV-Vis region, depending on their fluorophore
centers [75]. The spectra shown above are frequently associated with various π–π*
transitions of aromatic units. MOF photocatalysts exhibit a few distinct absorption
coefficient bands as a result of inorganic SBUs and organic ligands having distinct
molecular orbitals, as well as their lowest energy bands. Semiconductor band theory
fails to describe light absorption and subsequent transitions observed in MOFs. LMCT
transitions are important for understanding the mechanisms and reaction products in
photocatalysis involving MOFs. Even though photo-generated holes and electrons

Figure 15.
Schematic representation of electrochemical synthesis method of metal–organic frameworks (reproduced from
Ref. [66]).
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have the same energy stages for MOF molecular orbitals (HOMO and LUMO), this is
critical for understanding MOF reactions [76].

4.1.2 Charge-transfer step

This procedure begins with the absorption of massive amounts of light energy,
which results in the excitation of positive and negative charges from the bulk to the
photocatalyst surface. The efficiency of these procedures is determined by the mate-
rial type, crystallinity, and particle size. High charge mobility, for example, is fre-
quently associated with higher crystalline semiconductor materials that exhibit
focused charge mobility. The adsorption and photodegradation activities of various
dyes on three Cd-containing MOFs have been investigated. Anionic dyes (e.g.,
sulphonated) were significantly adsorbed by Cd2(4,40-bpy)3(S2O3)2, Cd1(4,.40)�2H2O
in the dark, but not by non-cationic dyes. The presence of chromophore centers,
which may also serve as recombination centers where charge carriers are trapped and
quenched, causes structural deficiency in inorganic photocatalysts, resulting in signif-
icant energy loss through realized heat [77]. The charge-transfer performance of
semiconductor photocatalysts with small granules is satisfactory. If the particles are
too small in size, the replication process may occur due to improved surface defects.

4.1.3 Surface activation step

Charge carriers travel to the photocatalyst surface, where they can be stimulated to
perform specific chemical reactions. Photogenerated charge carriers are gathered by
photoelectrodes and allowed to open circuit [78]. The first step in a fairly standard
photocatalytic reaction is the physical adsorption of adsorbent materials. Anionic and
cationic dyes showed different surface adsorption and catalytic properties. Further-
more, dye macromolecular adsorption resulted in non-covalent weak interactions
rather than radical reforms in the cadmium thiosulphate-based MOF structures. The
hydroxyl radical pathway is critical in the breakdown of anthraquinonic anionic dyes,
whereas a surface-controlled N-de-ethylation reaction mechanism was proposed to
explain the systematic degradation of cationic dyes via sequential intermediates,

Figure 16.
Fundamental steps in a traditional photocatalysis system (reproduced from Ref. [73]).
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where MLCT inferred from Cd metal to HOMO as well as ligand-associated LUMO
play dominant roles [79].

4.1.4 Charge-carrier recombination step

Photoluminescence (PL) spectrophotometry could be used to capture and inter-
pret the energy released during recombination. Charge-carrier recombination
accounts for the majority of energy loss in photocatalysts and PEC processes, and it
remains one of the most difficult challenges to overcome [80]. Charge-transport
recombination occurs in both the bulk and the surface of the photocatalyst. Reducing
charge-carrier recombination from the surface and bulk phases is critical. Surface
metallization with noble metals has been shown to be beneficial in charge-carrier
combinations [81].

4.2 MOF-based photocatalytic degradation of organic pollutants

MOFs are composed of metal-containing nodes linked by organic ligands via
strong covalent bonds. When exposed to light, a few MOFs begin to behave like
semiconductor materials, implying they could be useful as photocatalysts [82]. New
research has demonstrated porous MOF materials to be a new type of photocatalyst.
MOFs have a promising future, despite the fact that they have not been widely
investigated to date. It is simple to synthesize MOFs with tunability in light absorption
capacity, thereby activating appealing photocatalytic properties. Research into the
application of MOFs in this area has so far been largely unexplored. In this chapter, we
highlight the importance of photocatalysis in the degradation of organic pollutants
into MOFs. The reaction pathway as well as the impact of external variables on
electrocatalytic activity are discussed. The main issues in photocatalytic degradation
and potential opportunities have been thoroughly discussed [83].

4.3 Photocatalytic properties of d-block metal-based MOFs

MOFs offer a unique opportunity for the discovery of new catalysts capable of
degrading organic pollutants. More effort has been devoted to developing innovative
photocatalyst materials based on MOFs. MOFs could also have potential applications
in the environmentally friendly removal of organic compounds. Some d-block metal-
based MOFs have good photocatalytic efficiency for organic pollutants. The d-block
transition metal MOFs are important for their contributions to a variety of fields
such as magnetism, catalysis, gas separation, drug delivery, and so on. The transition
metal (Zn(II), Cu(II), and Cd(II)) based MOFs that have been studied as
photocatalysts for photocatalytic degradation of an organic pollutant under UV, visi-
ble, or UV-vis light illumination are summarized in Table 1 [95].

The MOF-5 is made up of Zn4O clusters that are orthogonally linked by 1,4-bdc
linkers at the corners of a cubic framework structure. This MOF was discovered to have
a broad absorption band in the wavelength range of 500–840 nm. MOF-5 is a highly
efficient photocatalyst that would most likely succeed due to the light source [96].
MOF-5 may improve overall photocatalytic activity efficiency and photo-
degradation of phenol, like TiO2, could occur via a network of reactions, such as the
formation of a radical cation by electron transfer from phenol to MOF (Figure 17a).
It degraded phenol in aqueous solutions in a manner similar to commercial TiO2

and could improve overall photocatalytic activity efficiency (Figure 17b).
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MOF-5 is a highly efficient photocatalyst that would most likely succeed due to the
light source. Visible light irradiation (cut-off filter ʎ > 380 nm) would significantly
degrade TiO2 and ZnO activity due to a lack of uptake at wavelengths ʎ > 350 nm
(Figure 17c) [98].

MOF-5 exhibited opposite morphology forward into various compounds, including
large phenolic molecules that can flexibly disperse into the micro pores of MOF-5
deteriorated significantly faster than small ones can gain access to the inner of MOF-5,

MOFs Light
irradiation

Degradation
(%)

Time
(min)

Organic
pollutants

Ref.

Cd-based MOFs

Cd(4-bpah)(1,3-bdc)(H2O) UV 40 240 MB [84]

Cd (btec)0.5(bimb)0.5 Vis 90 540 X3B [12]

Cd(npdyda)(H2O)2 UV 13.7 150 MO [85]

Ni-based MOFs

[Ni2(4,4’-bpy)2](4,4’-obb)2�H2O UV 50 90 RhB [86]

[Ni2(4,4’-bpy)2](4,4’ obb)2.�H2O UV 80 90 MB [87]

Co-based MOFs

[Co2(4,4’-bpy)](4,4’-obb)2 UV 60 90 RhB [85]

Co(btec)0.5(4,4’-bimb) Vis 80 540 X3B [88]

[Co2(4,4’-bpy)](4,4’-obb)2 UV 90 90 MB [86]

Zn-based MOFs

[Zn2(4,4’-bpy)](4,4’-obb)2 UV 40 90 RhB [86]

MOF-5 UV 50 180 Phenol [89]

MOF-5 UV 100 180 DTBP [90]

(UTSA-38) UV–vis 100 120 MO [91]

[Zn(1,4-biyb)(adtz)]�H2O UV 62 180 MB [88]

Fe-based MOFs

Fe2(bhbdh) Vis 90 15 RhB(H2O2) [92]

MIL-53(Fe) Vis 20 20 MB(H2O2) [93]

Fe2(bhbdh) Vis 90 15 MO(H2O2) [92]

MIL-53(Fe) UV–vis 11 40 MB [93]

Cu-based MOFs

Cu(ptz)(I) Vis 98 24 MB(H2O2) [93]

[Cu3(3-dpsea)(1,3,5-btc)2(H2O)5] UV 56 45 MB [94]

Cu(ptz)(I) Vis 100 35 RhB(H2O2) [88]

Cu(dm-bim) Vis 95 34 MO [94]

Cu(dm-bim) Vis 100 40 RhB [94]

Table 1.
The photocatalytic degradation of organic pollutants in aqueous media using some d-block metal-based MOFs as
photocatalysts.

23

Historical Developments in Synthesis Approaches and Photocatalytic Perspectives…
DOI: http://dx.doi.org/10.5772/intechopen.107119



as investigated by Garcia and his colleagues. Researchers have studied the
photodegradation of DTBP and P, where DTBP is 2,6-di-tert-butylphenol and P is
significantly larger. They found that DTBP deteriorated at a similar rate to P in
terms of MOF-5 at first (Figure 18a) [100]. MOF-5 has demonstrated size-selective
photocatalytic activity. When a mixture containing Pmix and DTBPmix was exposed
to radiation, DTBP deteriorated 4,4’-fold greater in comparison to P after 180 minutes

Figure 17.
(a) The comparison of calculated bandgap for TiO2 and MOF-5; (b) plots for photocatalytic degradation of
phenols using TiO2, ZnO, and MOF-5; (c) the plausible mechanism of photocatalytic degradation using MOF-5
as a photocatalyst (reproduced from Ref. [97]).

Figure 18.
(a) Photodegradation curves for phenol (P) and 2,6-di-tert-butylphenol (DTBP) of the pure species at 40 mg L�1;
(b) irradiation of a mixture of 20 mg L�1 of both molecules using MOF-5 as a photocatalyst (reproduced from
Ref. [99]).
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of irradiation, degrading nearly 50% of the phenol and 100% of the DTBP
(Figure 18b) [101].

Porous MOFs with 2.85 eV bandgap energy have shown photocatalytic properties
for the degradation of methyl orange (MO) in an aqueous solution. The concentration
of MO in water must have gradually decreased over time in the presence of light,
implying perceptible decay of MO. MO can be degraded completely into colorless
molecules in 120 minutes, implying that UV light was far more effective than visible
light for this type of photocatalytic activity [102]. Furthermore, the UTSA-38 catalyst
was recovered from the reaction mixtures with simple filtration, with no discernible
loss of catalytic performance. The main pathways proposed by UTSA-38 for MO
photoreduction when exposed to UV or visible light are depicted in Figure 19a.
Charged particles reduced oxygen (O2) to oxygen radicals, which then changed into
hydroxyl radicals (OH°), which were efficient at decaying MO [104].

The Langmuir–Hinshelwood kinetic has been successfully applied to heteroge-
neous photodegradation. The relationship between the initial degradation rate and the
initial dye concentration of the organic substrate can be written as r0 = k0C0/(1 + K0

C0). The photodegradation of the four dyes in [Co2(4,4’-bpy), Ni2, Zn2, and H2O has
been studied. The majority of these reactions produced very low K0 values, which
were discovered. A low value of K0 indicates poor adsorption, despite the fact that K0

is the equilibrium adhesion coefficient. The photocatalysts [Co2(4,4’-obb)2,
[Ni2(‘bpy’)�2H2O, and [Zn2 bpy) performed better than commercial TiO2 catalysts
under laboratory conditions (Figure 19b) [101]. These MOF catalysts were previously
reported, but their kinetic rates and degradation efficiencies have been summarized in
Table 2.

The photocatalytic decomposition of organic dyes in [Co2(4,4’-bpy),] a simple
mechanism has been proposed further. One electron moves from the HOMO to the
LUMO when exposed to UV light and 2H2O. The excited M2+ center decomposes
rapidly to its ground state. If any molecules are within an acceptable distance but have
the proper orientation, transitional energetic compounds may form. This results in the

Figure 19.
(a) Photodegradation mechanism for methyl orange by UTSA-38 in the presence of UV-visible or visible light; (b)
absorbance plots for degradation of methyl orange solution degraded by UTSA-38 in the presence of different light
sources, such as UV-visible, visible, and dark light (reproduced from Ref. [103]).
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cleavage of the C–N bond and the gradual N-deethylation of RhB. The HOMO and
LUMO MOFs have different bandgap sizes (4.04 and 3.72 eV, respectively), resulting
in photocatalytic degradation differences (Figure 20a and b) [107]. Despite the fact
that the two MOFs share the same hierarchical architecture, different focal metal ions

MOFs k0 (min�1) Dyes K0 (mg L�1)

[Ni2(4,4’-bpy)2](4,4’-obb)2�H2O 0.029 RBBR 0.0015

[Co2(4,4’-bpy)](4,4’-obb)2 0.013 RHB 0.0035

[Zn2(4,4’-bpy)](4,4’-obb)2 0.020 OG 0.0029

[Co2(4,4’-bpy)](4,4’-obb)2 0.032 MB 0.0064

[Ni2(4,4’-bpy)2](4,4’-obb)2�H2O 0.029 OG 0.0049

[Zn2(4,4’-bpy)](4,4’-obb)2 0.007 RhB 0.0020

[Ni2(4,4’-bpy)2](4,4’-obb)2�H2O 0.008 RhB 0.0023

[Co2(4,4’-bpy)](4,4’-obb)2 0.031 OG 0.0022

[Zn2(4,4’-bpy)](4,4’-obb)2 0.023 MB 0.0029

Table 2.
The kinetic parameters for dye degradation using [Co2(4,4’-bpy)](4,4’ obb)2, [Ni2(4,4’-bpy)2](4,4’-obb)�
2H2O, as well as [Zn2(4,4’-bpy)](4,4’-obb)2 [105].

Figure 20.
(a) X3B photodegradation experiments: (i)X3B/[Mn3(btc)2(bimb)2] ii) X3B/UV light (without catalyst); iii)
X3B/[Mn3(btc)2(bimb)2] (iv) X3B/[Mn3(btc)2(bimb)2]; 4H2O/visible light; X3B/[Mn3(btc)2(bimb)2]; and
(v) 4H2O/tert-butyl alcohol/UV light. 4H2O/UV light. (b) X3B photodegradation experiments: (i) X3B/
[Co3(btc)2(bimb)2] (ii) X3B/UV light (without catalyst); (iii) X3B/[Co3(btc)2(bimb)2] (iv) X3B/
[Co3(btc)2(bimb)2]; 4H2O/tert-butyl alcohol/UV light; 4H2O/visible light, as well as (v) X3B/
[Co3(btc)2(bimb)2]. UV light/4H2O [Mn3(btc)2(bimb)2] UV/vis diffuse-reflectance spectra
[Co3(btc)2(bimb)2] and 4H2O (black line) 4H2O (red line) with a background of BaSO4. (d) A simplified
model of X3B’s photocatalytic reaction mechanism with [Mn3(btc)2(bimb)2]. [Co3(btc)2(bimb)2] and 4H2O
(reproduced from Ref. [106]).
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result in different radioactivity levels. Mn3(btc)2(bimb)2]�4H2O could be assigned to
ligand-to-metal charge transfer (LMCT), as shown in Figure 20c. In the latter MOF,
two additional peaks at 547 and 721 nm are detected, which are most likely the result
of the spin-allowed transition of d7 Co2+ ion. The photocatalytic properties of
[Mn3(btc)2(bimb)2] have been improved. Under UV light, the aforementioned was
able to degrade X3B almost completely in 10 hours [87]. The energy bandgap between
4H2O and Co3 has also been found to be larger under UV light. Mn3(btc)2(bimb)2].
4H2O could be attributed to their distinct UV/vis absorption properties. The HOMO is
primarily attributed by the oxygen and (or) nitrogen 2p bonding orbitals. The LUMO
is caused by empty Mn(Co) orbitals (conduction band). Electrons were transferred
from oxygen and (or) nitrogen to Mn throughout the photoinduced process. In this
case, one electron was extracted from the water molecule and aerated to produce the
OH° hydroxyl radicals [101]. Meanwhile, electrons in the LUMO combined with
oxygen adsorbed on the MOF surfaces to form O2, which was then converted to
hydroxide (OH) (Figure 20d).

4.4 Photocatalytic selective redox in organic synthesis

MOFs can be used to promote photocatalytic oxidations in the absence or presence
of another semiconductor. This is important because the oxidation of alcohols to
aldehydes and ketones is an important reaction in organic synthesis [71]. Table 3
summarises the studies that describe the use of MOFs as photocatalysis catalysts.
Amine-functionalized UiO-66 has been reported as a high-efficiency and high-
selectivity visible-light photocatalyst for the selective aerobic oxygenation of various
organic compounds such as alcohols, olefins, and cycloalkanes.

The -NH2 group inside the bdc linker introduces a new absorption edge in the
diffuse reflectance UV/Vis spectrum of NH2-UiO-66 at λ max (450 nm). Exposure to
visible light increased the conversion of the studied alkenes steadily over time.
MOFs can be used as photocatalysts for H2 generation, CO2 reduction, photooxy-
genation, and nitro reduction [115]. The experimental results show that the solvent
used and the reacting precursors now influence the final product selectivity. From
b-methylstyrene, styrene, and 1,2-diphenylethylene, epoxides with selectivity values

Catalyst Stability evidence Photoactivity Photolysis source Ref.

TiO2@HKUST-1[e] IR, XRD, reuse, 89% conversion[b] sunlight [108]

CdS-NH2-UiO-66 XRD, XPS, reuse 31% conversion[b] 300W Xe arc lamp [109]

NH2-MIL-125(Ti) XRD, reuse 73% conversion[c] 300W Xe lamp [110]

Au/MIL-125(Ti) – 36% conversion[b] 300W Xe arc lamp
(λ = 320–780 nm)

[111]

multicore Au@ZIF-8 – 51.6% conversion[b] 500W Xe lamp [112]

MR-MIL-125(Ti)[d] reuse 86.7 nmolg�1min�1 [b] 150W Xe lamp [113]

NH2-UiO-66-F – 53.9% conversion[b] 26 W helical light
bulb

[114]

NH2-UiO-66 – 1.234 h�1 (TOF)[a] 300W Xe lamp [91]

Table 3.
Summary of photooxidation reactions catalyzed using MOFs-based photocatalysts.
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ranging from 15 to 65% were obtained. Cyclooctene resulted in low conversion due to
its larger kinetic diameter, particularly when compared to the pore diameter of NH2-
UiO-66. An 18O-isotope labeling experiment for such photocatalytic epoxidation of
cyclooctene has shown that the product contains oxygen (Figure 21). This is consis-
tent with the fact that oxygen can be inferred from molecular sufficient oxygen in the
gaseous state [116].

Photocatalysis that results in charge separation may promote both oxidation and
reduction (via the reaction with photogenerated holes). All of these methods must
occur at the same rate, but depending on the material, either of the two half-reactions
could occur. Pt/NH2-Ti-MOF was discovered to act as a photocatalyst for such nitro-
benzene reduction under visible light illumination (500W Xe lamp), resulting in
aniline as the final product. Other photocatalytic reductions of aromatic nitro groups
are discussed further below. Pt(1.5)/NH2-Ti-MOF (3.3 mmol�1) demonstrated supe-
rior catalytic activity to NH2-Ti-MoF (2.3 mol�1), suggesting that hoarded Pt also acts
as a co-catalyst in this framework (Figure 22). The reaction selectivities appear to be
nearly identical regardless of the presence of Pt species.

4.5 Functions of MOFs in photoelectrodes

MOFs play critical roles in increasing photoelectrode efficiency and achievability
during the fabrication process of photomicrography devices. They improve light-
harvesting capability, carrier separation efficiency, carrier potential efficiency,
and electrode potential efficiency. MOF photovoltaics can be used to improve

Figure 21.
NH2-UiO-66 catalyzes photooxidation of various substrates (reproduced from Ref. [91]).

Figure 22.
Nitrobenzene photoreduction catalyzed by Pt(1.5)/NH2-Ti-MOF (reproduced from Ref. [117]).
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light-harvesting capability and accelerate carrier separation efficiency. Light usage
efficiency is the most important factor influencing solar energy conversion
efficiency in PEC system applications. Improving light resource efficiency as much
as possible is critical to improving photoelectrochemical performance [118]. TiO2

has a low light optimum utilization and a bandgap (3.0–3.2 eV), but it plays an
important role in photoelectrode mechanism studies. Because of their adjustable
bandgap and absorptivity, MOFs are thought to be effective photosensitizers [119].
They first grew ZIFs in situ on semiconducting ZnO. They sulfurized ZnO@Zn-ZIF,
ZnO@Co-ZIF, and ZnO@ZnCo-ZIF to obtain high surface area shells with abundant
porosity. They eventually succeeded in fabricating honeycomb ZnO@ZnS,
ZnO@CoS, and ZnO@ZnS/CoS heterojunction photoelectrodes (Figure 23a).
The structure properties after vulcanization provided long photoelectric effect
transmitting pathways and an abundance of exposure catalyst surface to achieve
effective optical absorption [119]. The sulphide MOFs elevated the photoelectro-
chemical spectral range to red-shift to varying degrees in the ultraviolet-visible
spectral range (UV-vis). MOFs are frequently used as photosensitizers to extend
the absorption of visible light in order to improve light usage. Liu et al. used a
hydrothermal process to create an ultra-thin MIL-101 (Fe) layer on the surface of
Mo: BiVO4 (Figure 23b) [121].

MOF photogeneration is a critical step in improving photoelectrode PEC effi-
ciency. The energy levels of MOFs highest occupied molecular orbital and lowest
unoccupied molecular orbital can be changed to better match semiconducting levels of
energy and charge-transport carriers [122]. A team of researchers in China’s Zhejiang
Province of Hebei has developed a novel way to improve charge separation at the
electrolyte/semiconductor interface. They used a hydrothermal deposition technique
to form a binary photoanode from their 3D bimetallic MOFs and BiVO4 (Figure 24a).
When exposed to visible light, the holes produced by BiVO4 after absorbing photons
migrated to CoNi-MOFs, and Co2+ and Ni2+ were able to capture and oxidize the holes.

Figure 23.
(a) The fabrication and formation of cellular ZnO@ZnS/CoS are depicted schematically. (b) UV-vis diffuse
reflectance of ZnO, ZnO@ZnS, ZnO@CoS, and ZnO@ZnS/CoS. (a-b) are adapted from Ref. Elsevier. All rights
reserved. (c) UV-vis spectra of photoanodes BiVO4, MIL-101(Fe)/BiVO4, Mo: BiVO4, and MIL-101(Fe)/Mo:
BiVO4 (reproduced from Ref. [120]).
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The heavy metal ions served as active sites for the interfacial H2O to O2 reaction. The
photogeneration of CoNi-MOFs/BiVO4 has produced O2 and H2 at energies close to
theoretical, and the Faraday effectiveness was approximately 90%, demonstrating
that the majority of the charges were isolated in time to produce O2 or H2

(Figure 24b and c) [124].

5. Conclusions and perspectives

Emerging metal–organic frameworks (MOFs) have been regarded as the
most promising artificial photocatalysts for addressing numerous challenges in
the disciplines of energy and environmental remediation due to their exemplary
structure and diversity. The enslavement of novel photocatalysts has piqued the
interest of numerous research groups. Semiconducting MOFs have a promising
future as nascent photocatalysts, but they face significant barriers to widespread
adoption. MOFs can be used for a wide range of applications, including healing
metals and heavy metal cations, high antimicrobial applications, and photocatalytic
indoor environmental remediation. Artificial photosynthesis, such as water
splitting and CO2 photoreduction, is a novel and rapidly expanding application of
MOFs. MOF-based photocatalysis equipment could be used for photovoltaic solar
cells and detectors. On the surface of MOFs, direct CO2 capture and photoreduction
from the atmosphere may be possible. Adsorption and separate redox active sites
allow the constructed MOFs to mimic native plants. MOFs have a promising future
as emerging photocatalysts. With the assistance of industrial partners and diverse
stakeholders, the commercial exploitation of MOFs in the use of planet-saving
solar energy photocatalysis innovations could be more influential. Numerous
laboratory studies have shown their potential in the application of MOFs as
photovoltaics.

Figure 24.
(a) CoNi-MOFs/BiVO4 schematic illustration; (b) BiVO4 and CoNi-MOFs/BiVO4 charge separation efficiency;
(c) The evolution of H2 and O2 gases in comparison to the evolution predicted by the current generation and
faradaic efficiency. (a–c) (reproduced from Ref. [123]).
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Detection and Extraction of 
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Abstract

This chapter describes the need of raw materials, and eco-friendly and cost-effective 
methods for detection and extraction of materials to satisfy semiconductor market and 
its applications. Since semiconductor market is increasing progressively mainly driven 
by automotive, solar cells, smartphone products and IOT, VR applications, the need of 
raw material also increases. To keep this trend, strategies to increase R&D and expertise 
in mobility and sustainability, European and intercontinental policies for supplier and 
material manufacturing are needed. Critical raw materials are explained and since there 
are few countries who supply them, other countries should invest in finding new ways 
to recycle and manufacture them in-house. With the scientific progress, more materi-
als, alloys, and smart materials are being used, so we need to consider environmental, 
moral, and ethical aspects when we choose materials in any product, service, or system. 
Novel techniques such as LiDAR, robotics, autonomous haulage systems, remote 
operating, and monitoring centers help to maintain a good equilibrium and enable 
the increasing semiconductor market trend. Photocatalysis, especially more advanced 
artificial systems used to directly convert solar energy into storable energy, might 
be of interest to solve environmental pollution and energy storage issues. The idea is 
to develop photocatalyst with high efficiency, stability, and low cost using a single-
material component.

Keywords: nanotechnology, semiconductors, raw and critical materials, photocatalysis, 
robotics, LiDAR

1. Introduction

Nanotechnology is a wide discipline, which includes science, engineering, and 
technology conducted at the nanoscale level of 1 to 100 nanometers according to the 
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Noble Prize scientist Richard Feynman. At such low scale, even gold has different 
properties in color, and electrical and chemical compositions, that the ones used to 
characterize the typical gold in large scale. Nanotechnology includes many sectors such 
as automotive, medical and healthcare, aerospace, photovoltaics, communication, 
railways and semiconductors, etc. [1], and each of them uses a wide range of materials 
and alloys. Our focus on this chapter addresses semiconductor’s need for raw materials 
and how to identify more cost-efficient and environmentally friendly ways of extract-
ing and storing them. The most used semiconductor materials are silicon, germanium, 
and gallium arsenide, but for each sector the list of more raw materials increases. To 
better understand the concept, we use as an example a smartphone, a typical electronic 
device each of us possess. Inside an iPhone are used more than 46 different elements 
according to Stanford Advanced Materials as reported in Figure 1 adapted from [2]. 
The detailed list of materials divided by each electronic component is shown below [3]:

1. The phone’s processor chip is made of silicon, phosphorus, antimony, arsenic, 
boron, indium, and gallium

2. The electrical connections within iPhone use metals such as copper, gold, 
silver, and tungsten

3. For micro-capacitors component used mainly is tantalum

4. The materials used for soldering are tin, copper, and silver

Most of these materials are not abundant in nature and are supplied by few 
countries. Considering the market of mobile phones, more materials are used daily 
and to keep up with the demand it is important to recycle. Apple announced that their 
product iPhone 12 is made of 100% recycled raw materials, and especially, rare earth 
materials are used for magnetic components [4]. Many other companies follow the 
same trend as they valorize green energy and carbon-free products.

Industry is collaborating more with research and academia to identify what is the 
cost of bringing the materials from lab to fab [5] and identifying new fields to help 
technology facilitate the extraction, storage, and utility of the materials [6].

Figure 1. 
Estimated materials in one iPhone require 46 different elements reported according to Stanford Advanced 
Materials (SAM) Corporation [2].
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Many countries are increasing the attention and research in the entire raw material 
chain from exploration, mining, and mineral processing to substitution, recycling, 
and circular economy [7, 8]. This opens new possibilities related to R&D and exper-
tise in mobility, sustainability, and European and intercontinental policies for sup-
plier and material manufacturing. The growth is driven by both increasing demand 
and applications in semiconductor industry and by the investment of big semicon-
ductor companies in the field.

This chapter is divided into the following sections: market study for semiconduc-
tor raw materials, suppliers and main semiconductor’s companies, geopolitical and 
social impact, characterization techniques used for the evaluation of material proper-
ties, traditional and novel technologies, and semiconductor and new applications for 
photocatalysis and the last part is dedicated to conclusions.

2. Market study for semiconductor raw materials

The semiconductor material market is expected to register a CAGR of 4.17% over 
the forecast period (2021–2026) stated by Mordor Intelligence Pvt. Ltd. [9].

Market experts project that the semiconductor market (including smartphones, 
tablet, PC, smartwatch) is about to increase exponentially in the upcoming years, mainly 
driven by novel applications such as artificial intelligence, internet of things, nano-
robotics, high power computing, virtual and augmented reality.

The Semiconductor Industry Association (SIA)-announced global semiconductor 
industry sales showed an increase of 21.1% over the year 2021 to 2022 with an increase 
of a total of $42.0 billion [9]. The most growth rate is expected in Asia, while the least 
impact is predicted for South America and Africa as shown in Figure 2.

Other sources such as Techcet [10] divide the global semiconductor market accord-
ing to process materials, packaging materials, consumable equipment components, 
and silicon wafers and they project an increase in the market in the upcoming years up 
to 30% as reported in Figure 3.

Figure 2. 
Global semiconductor material market. Growth rate by region for 2021–2026 according to Mordor Intelligence Pvt. 
Ltd. market study [9].
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Moreover with the new policies for green and carbon-free energy, according to the 
International Energy Association, the rise of low-carbon power generation is pro-
jected to triple mineral demand from this sector by 2040 [11].

3. Suppliers and main semiconductor’s companies

Semiconductor devices are made on a single wafer or an epitaxial wafer with a 
single wafer as the substrate. The Czochralski is a typical melting growth method to 
create single crystals. The next steps in the semiconductor process are crystal orienta-
tion, barrel grinding, reference surface, slicing, grinding, chamfering, polishing, 
etching, cleaning, inspection, packaging, etc., to produce the final wafer. The growth 
of a single-crystal thin film into a single-crystal substrate can be made by epitaxy, 
chemical vapor deposition, magnetron sputtering, and other methods [12, 13].

The modern global semiconductor industry according to [14] is generally divided 
into two models:

1. Integrated Device Manufacturers that design, produce, and sell their own chips 
like Intel and Samsung

2. Fabless foundry companies like Nvidia and Arm that design their semiconduc-
tors and manufacture them by other foundries like TSMC and SMIC

Semiconductor manufacturing is an integrated, multi-stage process that occupies 
a big part of the industry chain, such as semiconductor designers and manufacturing 
suppliers. It includes silicon wafers, photoresists, wet electronic chemicals, electronic 
gases, reagents, CMP polishing materials, and target materials. Chip packaging 
materials include package substrates, lead frames, resins, bonding wires, solder balls, 
and plating solutions [12].

Figure 3. 
Global semiconductor material projection by Techcet [10].
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A good explanation of the overall chain is described in Figure 4, where it includes 
as input: manufacturing equipment to chemical and materials, and electronic design 
automation, while combined with design and manufacture explained before, provides 
wafers to assemble, test, and package the final product reported to the consumer [14].

Big companies in semiconductors, such as TSMC, Samsung, Broadcom, NXP, Intel, 
Micron, SK Hynix, Qualcomm [15], announced that they are going to increase their pres-
ence worldwide by investing in new plants of production. This news overcomes the issues 
of chip shortage (definition: sociological or physical change that prevented certain chips 
from being produced in enough large numbers to satisfy demand) and post-pandemic [16].

Some of the big supplier companies in the materials are Basf SE, Indium 
Corporation, Kyocera Corporation, Showa Denko Materials Co, Ltd., and Intel 
Corporation reported in Figure 5. More details are given in [9].

Figure 4. 
Semiconductor chain from input to finished product according to source PIIE [14].
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4. Geopolitical and social impact

Nowadays, China dominates the manufacturing industry, also due to its abun-
dance in raw materials and low cost-effective ways of producing them [17–21]. China 
refines nearly 90% of the world’s rare earths, which mostly are part of critical raw 
material list. The raw materials are used in various products such as EVs, advanced 
ceramics, computers, smartphones, wind turbines, monitors, and fiber optics [21].

Many countries such as Europe, USA, and Canada import most of the critical raw 
materials from China. A critical material is defined as vital for the world’s economy, 
whose supply may be at risk due to geological scarcity, geopolitical issues, trade 
policy, or other factors.

In the last years, we have faced coronavirus pandemic and COVID-19 quarantine 
rules and political tensions [16, 22–24], so it is important that each country develops 
its internal strategy and has less dependence on other countries. This can be done by 
increasing the attention in the entire raw material chain from exploration, mining, 
and mineral processing to substitution, recycling, and circular economy as reported 
in Figure 6 [7, 25, 26]. This section will address European Union strategy to overcome 
the shortage problem. Their experts suggest that the key solution is to boost mineral 
recycling, identify alternative materials, and promote greater exploration and trade 
better with World Trade Organization (WTO) to ensure the supply of important raw 
materials to European industry is not interrupted [26].

Figure 6. 
Raw materials of EU project with the purpose of developing new materials into a major strength for Europe [7].

Figure 5. 
Global semiconductor material major players—Source Mordor Intelligence Pvt Ltd [9].
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5.  Characterization techniques used for the evaluation of material 
properties

The increase of scientific discoveries and new technologies has impact in material 
science widening the choice of materials or smart materials (such as shape memory 
polymer, shape memory alloy, and hydrogels) to be used in semiconductors. It is 
important as pointed out by Reference 27 to consider environmental, moral, and 
ethical aspects when we choose materials in any product, service, or system [27]. The 
main properties to characterize them are as follows:

• Physical properties such as mass, volume, weight, density

• Electrical resistivity measures the ability of a material to conduct electricity and 
thermal conductivity how fast the heat is dissipated when there is a gradient of 
temperature in the material

• Hardness defines the resistance of the material to scratching

• Mechanical properties such as tensile and compressive strength, stiffness, tough-
ness, brittleness, and ductility

• Stress as the ability of a material to withstand pulling force and strain as the  
ability of a material to withstand being pushed away

• Plasticity is the ability of a material to be changed in shape permanently

• Esthetic characteristics related to taste, texture, smell, and appearance

• Piezoelectricity, shape memory alloys, photochromicity, electro-and 
magneto-rheostatic

• Thermoelectricity is when electricity is produced directly from heat

To evaluate which element gives the best properties or the desired properties 
mentioned above for a given product, there are several characterization tech-
niques. The main parameters that differ one method from the other are resolution 
or detection limit (of the order of nm), physical basis (scattering, emission of 
electrons…), material sensitivity (linked to refractive index or atomic number), 
environment of testing (vacuum, air, liquid), and measured parameters (size, 
shape, morphology, composition…) that we want to extract and analyze. Some 
good reference to each method is given in [27, 28]. In this short chapter, we will 
limit to mention some of the most used characterization techniques and basic util-
ity and working mechanism:

1. Scanning electron microscopy (SEM) produces images using electrons instead of 
visible light

2. Transmission electron microscopy (TEM) uses electrons instead of light and is 
used for the evaluation of nanostructures such as particles, fibers, thin films, and 
imaging of atoms
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3. Atomic force microscopy (AFM) is used to study the samples at a nanoscale. 
It takes an image in a three-dimensional topography and provides surface  
measurements

4. Energy-dispersive X-ray spectroscopy (EDS) is a non-destructive analytical 
technique. It analyzes near-surface elements and estimates the elemental propor-
tion at different positions

5. Ultraviolet-visible spectrometry (UV-vis) consists of tungsten lamp for the 
ultraviolet and visible region wavelengths, respectively, a monochromator and 
sample—reference beams and a detector

6. Fourier transform infrared spectroscopy (FTIR) uses infrared light for scanning 
the organic, inorganic, and polymeric materials

7. X-ray diffraction (XRD) mainly used to detect the crystallinity of the sample

6. Traditional and novel technologies

In the previous sections, we described the semiconductor material market, main 
players, applications, challenges, and prospective and we understood that the raw 
material for semiconductor applications is a booming market. The mining sector that 
provides the raw materials will need to grow tremendously to enable the required 
technological demands. Technological innovation should satisfy the growth market 
need, but need to be also eco-friendly and at low cost. Some people refer to sustain-
able technology as the society economic equilibrium between raw materials, land, 
industries, sites, and industrial resources like workers, technology, equipment, 
machinery, fuels. This model comes more into focus as we are threatened by climate 
change and environmental degradation [29].

The most innovative technologies predicted to transform mining industry include 
robotics, autonomous haulage systems, remote operating, and monitoring centers as 
described in [30]. We will focus in particular in light detection and ranging (LiDAR) 
technology. LiDAR blocking diagram is composed of laser, light detector, signal and 
data processor, CPU, and display.

LiDAR is a remote sensing technology based on time-of-flight principle: A target is 
illuminated with a laser, the laser pulses travel at the speed of light to the object, and 

Figure 7. 
LiDAR working principle adapted from Reference [31].
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the laser is then reflected back to the sensors as illustrated in Figure 7. The time taken 
for the pulses to hit the object and be reflected back to the sensor is calculated and 
then used to calculate the distance to the object [31].

LiDAR can be used in many fields such as oil and gas exploration, geology, mining, 
and robotic mining. The information gathered by LiDAR can identify the areas with 
oil or gas deposits to help geologists know exactly where they need to mine. It can also 
help to determine the soil structure where the crops or species of plans can grow in a 
particular region.

Advanced LiDAR technology can detect what minerals exist in a given area and 
can analyze the mine’s structure to prevent them from collapsing after mines have 
been drilled for minerals.

In robotic mining, LiDAR sensors are used in obstacle detection during mining by 
the robotic mining vehicles, to prevent the human risk [32].

7. Semiconductor and new applications for photocatalysis

The term photocatalyst is a combination of two words such as Photo, which is 
related to photon, and Catalyst, which are substances that alter the reaction rate of 
materials, mainly semiconductors in the presence of light [33]. This is done through 
chemical reactions known as photocatalythic reaction or photocatalysis that gener-
ate an electron-hole pair, when a semiconducting material is exposed to light. The 
photocatalysis can be categorized into two types depending on the physical state of 
reactant and semiconductor.

If both (the semiconductor and reactant) are in the same phase such as gas, 
solid, or liquid, we refer to homogeneous photocatalysis. Otherwise, if semicon-
ductor and reactant are in different phases, they are called heterogeneous photo-
catalysis [33, 34].

Photocatalysis is a branch of chemistry and it is referred to as a green chemical 
pathway, as the main applications studied are environmental applications, biotech-
nology, and health care such as solar cells, water splitting, and purification, wastewa-
ter treatment, pollutant degradation, cancer treatment, antibacterial, air purifying, 
antifogging, self-cleaning, batteries and conservation and storage of energy, etc. [35].

When considering the main materials compatible for photocatalysis, some param-
eters need to be taken into account such as photocatalyst loading, pH, surface area 
and morphology, reaction temperatures, contaminant concentration, and calcination 
temperature of photocatalysts [36]. Many materials are used for these applications, 
and among them TiO2, TiN, Pt, Si, MoS2, MoS2/TiO2 are the most basic materials used 
as photocatalyst and they are at low-cost, abundance in nature, chemically stable, and 
transparent to visible light [33, 36–39].

TiO2 seems to be an excellent photocatalyst and the most used one. The concept 
to use TiO2 as photocatalytic for water purification was introduced in 1977 by 
Frank and Bard. They notice that if you put catalytically active TiO2 powder into 
a pool filled with polluted water and then illuminate it with sunlight, the water 
will gradually become purified. This concept is very interesting and still used by 
researchers nowadays for purifying water and then extended to purifying air, 
cancer treatment, etc. [40].

As reported in many scientific works and in the previous paragraphs, environmen-
tal pollution and energy shortage are becoming the big challenge for the developed 
and in developing countries. Photocatalysis, especially more advanced artificial 
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systems used to directly convert solar energy into storable energy, might be of interest 
to solve these issues. The idea is to develop photocatalyst with high efficiency, stabil-
ity, and low cost using a single-material component.

8. Conclusion

This chapter clearly describes the need for materials in nanotechnology and its 
sectors, especially semiconductors, and also brings the attention of experts and 
researchers in the field. Industry is collaborating more with research and academia 
to identify what is the cost of bringing the materials from lab to fab and identifying 
new fields to help technology facilitate the extraction, storage, and utility of the 
materials.

In the last years, we have faced coronavirus pandemic and COVID-19 quarantine 
rules and political tensions, so it is important that each country develops its internal 
strategy and has less dependence on other countries. This can be done by increasing 
the attention in the entire raw material chain from exploration, mining and mineral 
processing to substitution, recycling, and circular economy. Novel technologies such 
as LiDAR, robotics, autonomous haulage systems, remote operating, and monitoring 
centers can help the raw material industry to enable semiconductor market which is 
projected to increase mainly by increasing smartphone, tablets, VR, IOT, robotics, 
photovoltaic, and automotive industry.

Photocatalysis, especially more advanced artificial systems used to directly 
convert solar energy into storable energy, might be of interest to solve environmental 
pollution and energy shortage, which remains of particular interest for developed and 
developing countries.
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Nano TiO2-Based Smart 
Superhydrophilic Self-Cleaning 
Surfaces
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Abstract

In this chapter, we have focused on the use of self-cleaning coating or surfaces 
which have more concerning the field of research due to the rising demand for 
self-disinfected and hygienic surfaces. Self-cleaning coatings can be used in auto-
mobile windshields, textiles, antifouling membranes, paints, building construc-
tion material, optoelectronic devices like solar panels, and in the medical aids and 
food industry. This chapter gives an outlook on nano TiO2-based superhydrophilic 
self-cleaning surfaces. The mechanism of superhydrophilicity of nano TiO2-based 
systems and photocatalytic properties are cautiously investigated. The photocatalytic 
behavior and superhydrophilicity of TiO2 are based on the photogenerated elec-
tron–hole pair. This chapter gives a general idea of a variety of systems and methods 
that could improve the self-cleaning behavior of TiO2 in the solar spectrum in view 
of the fact that TiO2 is only ultraviolet responsive. Evidences have indicated that the 
superhydrophilic wetting and antifogging performance are affected by porosity and 
surface hydroxyl (-OH) contents. In this chapter, the effect of multilayer assembly 
and the role of cumulative concentration of –OH groups on photocatalytic behavior 
is also discussed.

Keywords: TiO2, semiconductors, heterojunctions, self-cleaning, hydroxyl group, 
photocatalytic activity

1. Introduction

The discovery of photoinduced superhydrophilic behavior of Titanium dioxide 
(TiO2) so that it is considered as most promising photo-responsive wetting material 
(Wang et al. in 1997) [1]. TiO2 is a semiconductor, on excitation of titanium with 
suitable light energy, the photocatalysis process takes place on the surface so that 
organic dirt molecules adsorbed on the surface and decomposed with the process 
of photocatalysis. Photocatalysis is followed by the washing of surface with flow of 
water and finally surface will be clean and sterilized. TiO2 an extensively acceptable 
applicant for superhydrophilic self-cleaning surfaces and coatings due to its superior 
optoelectronic properties, photostability, low-cost production, nontoxicity, and 
environmental friendliness. The structural and surface properties and also intrinsic 
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electronic characteristics of titanium dioxide are responsible for its photocatalytic 
efficiency and photo-induced wettability and consequently its self-cleaning property. 
In recent times, the research has shown the most interest in field of the development 
and commercialization of self-cleaning coatings and surfaces with the properties 
of antireflective, antifouling, and antifogging. Self-cleaning coatings and surfaces 
have potential applications in major sectors such as the medical industry (especially 
medical aids with anti-microbial surfaces), food industry, optical industry (lenses, 
camera, and sensors), marine industry (corrosion protection), aircraft industry, con-
struction industry (cement & paint), automobile industry, etc. In this review article, 
we give a significant evaluation of the superhydrophilic self-cleaning materials and 
surfaces, environmental applications, and sustainability. In this chapter, we introduce 
the concept of superhydrophilicity and self-cleaning action of TiO2 as a photocatalyst 
and later water treatment mechanism of such systems. This review emphasizes the 
potential applications and practical challenges of self-cleaning surfaces and coatings 
in real-life situations.

2. Self-cleaning action of TiO2 as photocatalyst

Once a metal oxide semiconductor is irradiated with an energy source that is 
higher than its band gap (3.2 eV) [2] leads to the absorption of photons and excita-
tion of an electron (e−) in which way generate an electron–hole pair, with the hole 
(h+) left behind in the valence band. These electron–hole pair in turn undergoes 
recombination and non-radiatively emits the excess energy in the form of heat or 
light [3, 4]. This recombination process or charge obliteration reduces the effi-
ciency of TiO2 photocatalytic activity. Due to crystal defects and impurities present 
on the surface of TiO2 this reaction would take place on the surface or within the 
bulk of TiO2. Over the surface of TiO2 excitons (electron–hole pair) were undergoes 
recombination, this electron–hole pair can combine with the adsorbed molecules 
and leads to the decomposition of organic volatile compounds. Evidently, electrons 
in the CB reacts with the oxygen molecules present on the surface and reduces it 
into superoxide radicals which can react with water to give hydroxyl radicals (% 
OH); on the other hand holes (h+) in the valence band reacts with water to form 
%OH radicals. These oxygen-generated species decompose the volatile organic 
compounds into CO2 and H2O on the catalytic surface by the process of free radical 
mechanism [5–8].

Thus the mechanism of superhydrophilicity on the catalytic surface can be 
explained by the combination of two processes. The first mechanism of superhydro-
philicity includes the surface hydroxylation upon photoexcitation. This step consists 
of two steps (a) oxygen vacancy generation and (b) reconstruction of photoinduced 
Ti-OH bonds. The mechanism of superhydrophilicity propagates by the formation of 
photoinduced electrons in the system by the reduction of metal centers. For example, 
TiO2 (IV) gets reduced into TiO2 (III) by the movement of conduction band elec-
trons, however, the holes formed in the valence band oxidized into O2

− anions, and 
thus vacancies are formed by the ejection of oxygen atoms. The hydroxyl anions are 
formed at these vacancies during the photocatalytic mechanism and water molecules 
get absorbed, leading to the hydrophilic nature of the surface [9]. Sakai et al. pro-
posed that for the superhydrophilic characteristics of a surface photoinduced holes 
are more important than electrons, these holes can diffuse on the surface of catalyst 
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and get trapped at the oxygen lattice because these photo-induced holes can diffuse 
on the surface and get trapped at the lattice oxygen sites, this leads to the formation of 
new hydroxyl bonds with the adsorbed water molecules [10].

2.1 Photoinduced hydrophilicity

Furthermore, it is evident that the hydrophilic conversion rate of TiO2 can be 
increased by applying high positive electrode potential, and can be decreased by 
the usage of hole-scavengers in the photocatalytic reaction [11]. This interpreta-
tion suggests that for the hydrophilic conversion of the photocatalytic material, the 
diffusion of holes to the catalytic surface is very essential. The formation of Ti-OH 
bands on the TiO2 surface is attributed to photoinduced hydrophilicity [12]. The 
diffusion of holes to the catalytic surface can weaken the Ti-O bonds, and water 
molecules adsorption to this surface can then break the weakened bond. This will 
lead to the charge separation and the formation of a new OH bond on the surface. 
Therefore one OH group which is doubly coordinated to Ti atoms converted into two 
OH groups. It is revealed that the highly amphiphilic catalytic surface of TiO2 can 
leads to the reconversion of the surface wettability, which is due to the deposition of 
a hydroxyl group from the surface. The second mechanism of photocatalytic activity 
on the surface initiates the decomposition of the adsorbed pollutants on the surface 
which initiates by the absorption of UV light and thus reduced the organic pollut-
ants on the surface. It has been recommended that in addition to the photocatalytic 
degradation of organic pollutants on a TiO2 surface, desorption of water molecules 
on the surface is also initiated by UV irradiation. The subsequent breakdown in the 
H-bonded network is supposed to be essential for the hydrophilic conversion [13]. 
The results reveal that the photocatalytic activity on the surface is not an exclusive 
requirement for any surface to be hydrophilic or superhydrophjilic. It has been 
reported that many metal oxides such as vanadium oxide and tungsten oxide have 
superhydrophilic nature under UV light illumination without and photocatalytic 
activity mechanism on their surface. In consequence, it has been suggested that a 
combination of various mechanisms is required to explain the photoinduced hydro-
philicity or photocatalytic activity on the surface. The combination of photoinduced 
hydrophilicity and photocatalytic activity are the major requirements to degrade the 
organic pollutants, and light-induced superhydrophilicity to sheet water for clean-
ing the surface by washing off the degraded pollutants, good optical transparency, 
photostability, and durability.

3. Water treatment

In recent times due to the ever-increasing urbanization and industrialization, the 
world is facing freshwater disaster. Heavy metal ions and organic pollutants cause 
foremost severe threats to aquatic life. Industrial and conventional treatment methods 
such as oxidation, biodegradation, absorption, coagulation, etc. have been used for 
water purification. Membrane technology is the most commonly used technique 
for water treatment due to its green and environment-friendly approach. However, 
membrane technology has faced a major problem of fouling of membranes due to 
prolonged use of technique. In this line of research, increasing the hydrophilicity of 
the membrane is considered an effective way to reduce the fouling behavior of the 
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membrane which is caused by pore blocking and fouling material adhesion [14, 15]. 
By using this method of increasing hydrophilicity of membrane, the hydrophilic 
material also imparts water permeability stiffness and strength to the polymeric 
matric used for the preparation of these membranes. The introduction of TiO2 in the 
membranes as hydrophilic photocatalytic materials can add self-cleaning behavior 
to the membrane, which upon photoexcitation degrades the natural organic volatile 
compounds adhered at the surface of the membrane or pores. It is also commonly 
seen that during the process of phase separation, TiO2 particles have been settled 
down into the bottom of the polymeric bulk due to its high density. However, when 
TiO2 nanoparticles hybridized with magnetic nanoparticles, the photocatalytic TiO2 
nanoparticles can be adhered to the surface of the polymer matrix with the help of an 
external magnetic field [16]. Oil–water separation is an effective technique to demon-
strate the interplay of membranes between antifouling and wettability. The oil–water 
separation technique is very effective to clean offshores oil spills and discharging oil 
effluents which are very harmful for aquatic life and biotic environment. Another 
very helpful technique for oil–water separation of molecular sieving technique which 
allows only water molecules hence block the larger oil droplets, this technique has 
been worked under a specific applied pressure, hydrophilicity, and selective wet-
tability. Porous materials such as metal meshes, fibers foams, and textiles can be used 
in addition to polymers and ceramics for oil–water separation. The major difficulty 
faced in the oil–water separation technique is rapid decline of water permeation due 
to the clogging of pores by oil droplets, therefore, lowering the filtration flux [17]. 
Also, significant fouling will occur over the surface of membrane due to the presence 
of hydroxide groups. A thin layer of TiO2 has been used for the removal of fouling 
over the surface of the membrane [18, 19]. In recent times, cellulose acetate nanofiber 
membrane was fabricated by electro-spinning which is oleophobic in water, super-
hydrophjilic in oil, and superamphiphilic in air [13]. This membrane can be working 
for oil/water separation in wastewater treatment; also it has been used for oil/water 
emulsions and oil/corrosive medium. An interesting Janus membrane is fabricated 
by in situ growth of TiO2 on poly (phenylene sulfide) membrane with F-TiO2@poly 
(phenylene sulfide) followed by water–oil interfacial grafting in presence of perfluo-
rodecyltriethoxysilane [20].

In addition to environmental remediation such as offshore spills, such multifunc-
tional membranes find great applications in food industry, textile factories, and other 
chemical plants.

4. Antireflective coatings

High transmittance characteristics of antireflective coatings have great signifi-
cance in high-performance devices along with the property of transmittance such 
as flat panel display, solar panels, lenses, telescope, etc. TiO2 causes a high refractive 
index and refraction when it is applied to the transparent glass substrate. A very low 
concentration of TiO2 in the self-cleaning coatings reduces the photocatalytic activity 
but at the same time minimized the surface refraction. Therefore for the practical 
application of self-cleaning coating there should be between balance antifogging and 
anti-reflective properties of the self-cleaning coating. Preparation of TiO2 composite 
with SiO2 adopted to have self-cleaning anti-reflective properties with a high refrac-
tive index. A hierarchical macro-mesoporous SiO2 thin film with very high porosity 
showed a significant broadband anti-reflection with an average reflectance of 3.45% 
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in the wavelength range from 350 nm to 1200 nm [21] The macroporoporous template 
is superior to the conventional flat SiO2/TiO2 composite film.

The sandpaper abrasion test results show that the porous composite film was super-
hydrophilic with a water contact angle of 2.4° and this contact angle was retained even 
after 50 cycles of the abrasion test. Raspberry-like core-shell nanoparticles of SiO2/TiO2 
were synthesized by a sol–gel single pot method. These synthesized SiO2/TiO2 core-shell 
nanoparticles were then fabricated onto glass by layer-by-layer self-assembly dip coating 
technique. The prepared coating exhibited superhydrophilicity both in the presence and 
absence of UV irradiation [22]. The SiO2 particle with the size in the range of sub-micron 
provides a porous structure and anti-reflective property to the self-cleaning coating. 
However, the larger surface area of nanoparticles and higher surface roughness in the 
coating are the main factors in imparting its superhydrophilic property. An example of 
a high antireflective self-cleaning coating is Ag/TiO2/Si forest-like hierarchical nano/
microstructures like a moth-eye. This type of coating shows solar-weighted reflectance 
values of 3.5% and 3.3%, respectively, over the wavelength range of 300 − 1000 nm [23]. 
The estimated contact angle over the surface was <5o which exhibits outstanding anti-
fogging and self-cleaning properties by the use of plasmonic silver nanoparticles [24]. 
The self-cleaning coating also shows photocatalytic dye degradation and self-cleaning 
under UV–vis light irradiation. Along with these combinations, several researchers have 
developed double-layered and multilayered TiO2-SiO2 films with reduced reflectance 
[25, 26]. Three-dimensional TiO2 nanostructures such as nanopores, nanorods, and 
hierarchical structures with larger surface area have been reported with reduced surface 
reflectance losses but with enhanced photocatalytic activity [27, 28]. TiO2 can also be 
used as a protective layer for thermochromic self-cleaning coating in Vanadium (IV) 
oxide (VO2). Vanadium oxide VO2 is a unique material practically used for thermochro-
mic applications due to its large optical and electronic behavior and because first-order 
phase transitions from monoclinic to tetragonal geometry [29, 30]. A multifunctional 
transparent VO2/SiO2/TiO2 thin film showed considerable improvement in visible light 
transmittance which is accompanied by thermochromic and self-cleaning properties. 
Therefore, these coatings can be applied for energy-efficient, intelligent window applica-
tions [31]. TiO2/VO2 bilayer composite coating is also capable of supporting the TiO2 for 
increasing air purification by absorbing Infrared rays.

4.1 Coatings for building materials

Self-cleaning coatings are the probable substitute for high energy consumption. 
TiO2-coated self-cleaning surfaces has been used in construction material such as in 
cement, tiles, limestone, glass can behold their artistic appearance without contami-
nation or getting dirt throughout their lifetime [32–38]. A number of esthetic images 
and buildings reported preserving with the help of TiO2 as a photocatalytic material 
[39–42]. Sedimentation methods and spray coating methods are usually used for the 
building materials. According to the report by n-Tech Research in 2015 the self-clean-
ing market is expected to reach a market of US $3.3 billion by 2020. Pilkington has 
been marked as the first commercially available coating over the glass. Additionally, 
these self-cleaning coatings should withstanding varying climatic changes to the 
outdoor environments. During the development of self-cleaning coatings, a number 
of weather variables like light, temperature, humidity, etc. should be considered 
[39–42]. Humidity plays a very important role in stain removal, by influencing the 
hydration state of TiO2 this will increase the cumulative hydroxyl ion concentration 
that will lead to sustainable self-cleaning materials for buildings [43–50].
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5. Future outlook and conclusion

This chapter gives emphasis on the specific idea of TiO2-based self-cleaning surfaces. 
Self-cleaning surfaces cover a significant research area in this era of fast urbanization 
and industrialization. Also, self-cleaning surfaces are an answer for cleaning contami-
nated surfaces to compromise large energy consumption. The chapter gives a brief 
about the outstanding examples of TiO2 composites for water purification techniques 
such as TiO2 hybrid composite with grapheme, Heterojunction of TiO2 with some other 
metals, dye-sensitized TiO2, etc. Applications of TiO2 and TiO2 composite materials or 
hybrids as a superhydrophilic photocatalysts in water purifying membranes, antibacte-
rial surfaces, fabrics, oil–water separation techniques, and in antireflective coatings are 
discussed in detail. Superhydrophilicity mechanism in semiconductor metal oxides is 
investigated from different models. Although in this field, there is great progress in the 
development and fabrication of self-cleaning coatings and surfaces, however, there are 
still some technical problems and challenges with self-cleaning coatings that will cause 
bridging the gap between industry and fundamental research.

Mechanical durability and chemical stability are the major concern for the fabri-
cation of self-cleaning coatings. Exposure of these coatings to solvents and outdoor 
temperature differences can lead to the detachment of the material from the surface 
of the coating due to which there will be a gradual decline in the performance of 
coatings. However, the surfaces which are responsive to indoor light sources are more 
durable and persistent with superhydrophilicity because photoinduced wettability 
recovers the hydrophobic nature of coating in the dark within minutes to hours. As a 
result, self-cleaning coatings should be designed in such a way that they should have 
anti-bacterial, antifogging, and antireflective properties and have good adherence to 
different surfaces like mirror, ceramic, and furniture. A significant emerging class 
of self–cleaning coatings and surfaces responds to various external stimuli such 
as changes in temperature, pH, chemical environment, stress, and humidity. The 
most recent study also predicts that this field has a promising trend in developing 
self-cleaning surfaces which has a combination of self-cleaning and photocatalytic 
properties in this way a single surface find a wide variety of application. Coatings 
with a combination of anti-bacterial, anti-fogging, and anti-reflective properties 
can find application in endoscopic surgery examples. The self he antireflective and 
antifogging can make them more appealing to building materials, solar panels, 
automobile windshields, etc. under inconsiderate environmental conditions.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Graphitic carbon nitride (g-C3N4), is a synthetic polymer made up of carbon, 
nitrogen, and some impurity hydrogen that is linked together using tris-triazine-based 
patterns. Because of the inclusion of N and H atoms, it has electron-rich characteris-
tics, basic surface functions, and H-bonding motifs, compared to the bulk of carbon 
materials. Consequently, it’s seen as a possible replacement for carbon in material 
applications. A brief introduction to g-C3N4 is included in this chapter, as are the 
methods for synthesizing this material with various textural structures and surface 
morphologies, as well as its physicochemical properties. Furthermore, four parts of 
g-C3N4 applications are discussed. We anticipate that this work will motivate readers to 
look for new applications for this material in catalysis and other domains.

Keywords: metal-free catalyst, functional material, graphitic carbon nitride, synthesis, 
applications

1. Introduction

Carbon nitrides are a type of a polymeric substance that is mostly made up of 
carbon and nitrogen [1, 2]. They may be prepared from carbon materials by replac-
ing carbon atoms with nitrogen atoms, making them intriguing possibilities for a 
range of uses. Due to the chemical inertness of carbon nitride, solubility problem 
in acidic, neutral, and basic solvents. Hence, the structure of the material was not 
completely appreciated until recent decades [3]. Because of the presence of basic 
surface sites, graphitic carbon nitride (g-C3N4) is not only the most stable allotrope 
of carbon nitrides in the ambient atmosphere, but it also exhibits rich surface 
characteristics that are appealing for various applications, including catalysis [4]. In 
the state (this material is a -conjugated polymer), the ideal g-C3N4 consists only of 
an assembly of CN bonds with no electron localization [5, 6].

As shown in Figure 1, real materials, such as those made by polycondensation of 
cyanamide, contain a minor amount of hydrogen, which is present as primary and/or 
secondary amine groups on the terminal edges. The presence of hydrogen indicates that 
the real g-C3N4 is incompletely condensed and that a number of surface defects exist, 
which can be useful in catalysis and are thought to promote electron relocalization on 
the surface, inducing Lewis-base character toward metal-free coordination chemistry 
and catalysis.
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The energy positions of the conduction band (CB) and valence band (VB) 
versus the normal hydrogen electrode (NHE) are −1.1 and 1.6 eV, respectively, 
in g-C3N4 (2.7 eV bandgap). Furthermore, g-C3N4 is extremely resistant to heat, 
strong acids, and strong alkaline solutions. The only elements in g-C3N4 are carbon 
and nitrogen, and it can be made by pyrolyzing nitrogen-rich precursors such as 
melamine, urea, thiourea, and cyanamide. It has been observed that the choice of 
precursor and pyrolysis temperatures have a significant impact on the electrical 
structure and bandgap of g-C3N4, which will have implications for its prospective 
uses in a variety of disciplines.

Recently, tremendous progress has been made in the field of g-C3N4 research. 
As a result, a paper summarizing the synthesis of g-C3N4-based materials and their 
prospective energy storage applications is required. The characteristics, production, 
and possible applications of g-C3N4 and g-C3N4-based nanocomposites in energy 
storage and conversion, such as photocatalytic hydrogen evolution, oxygen reduction 
reaction (ORR), and Li-based battery, are discussed in this book chapter.

2. Synthesis of g-C3N4 materials

It is a stable polymer semiconductor with only C and N components. Many 
nitrogen-rich organic precursors are now utilized to make g-C3N4, including urea, 
melamine, dicyandiamide, thiourea, and cyanamide. Carbon nitride materials made 
from direct condensation of these precursors, on the other hand, have bulk structures 
with low specific surface areas. It’s required to introduce well-controlled porous 
structures in bulk g-C3N4 for practical usage as catalysts. Several strategies for obtain-
ing porous g-C3N4 have been devised by scientists.

2.1 Synthesis of g-C3N4 materials

2.1.1 Template method

Under the structural inversion, “templating” entails the copying of one structure 
into another. In its broadest sense, a template is a structure-directing agent. Because 
the size and shape of the resulting pore structures may be easily controlled by the 

Figure 1. 
Multiple surface functionalities reproduced from [7] with permission from the Royal Society of Chemistry.
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proper template, the template method is a versatile methodology for the fabrication 
of nanostructured or porous materials. In g-C3N4, hard templates [7] are employed 
to build porous materials and create hierarchical pore topologies. To regulate nano-
structures, silica templates are commonly utilized as a structure directing agent. 
Groenewolt et al. used multiple pore size mesoporous silica matrices to synthesize 
unique g-C3N4 nanoparticles of different sizes. Many studies on mesoporous g-C3N4 
materials made with silica-based hard templates have been published since then. 
Using aminoguanidine hydrochloride as a precursor and SBA-15 as rigid templates, 
highly ordered mesoporous g-C3N4 with variable pore sizes was produced. To make 
ordered porous g-C3N4, Fukasawa et al. employed uniform-sized silica nanospheres 
as templates. Using guanidinium chloride as a precursor used a nanocasting process 
to make mesoporous g-C3N4. Two types of pores and high specific surface areas 
were found in the as-prepared g-C3N4 samples. Park et al. used the incipient wetness 
method to create 2-dimensional (2D) and 3-dimensional (3D) mesostructured g-C3N4 
using mesoporous silica as a hard template. Open pores and a large specific surface 
area characterize these materials. The hard-template technique, in particular, neces-
sitates the removal of the template in order to get the requisite g-C3N4 structure. This 
procedure typically uses aqueous NH4HF2 or HF, which can harm the environment 
(Figure 2).

2.1.2 Template-free method

A simple thermal treatment of dicyandiamide is used to make porous g-C3N4. 
The synthesized porous g-C3N4 has a large pore volume and a high BET surface area 
(0.50–0.52 m3 g−1). A simple template-free technique to make g-C3N4 nanofibers 
(GCNNFs). Melamine was first reacted with ethanol, then annealed at 450°C for 
2 hours to produce GCNNFs, which had a 1D structure and a large specific surface 
area. Thermal calcinations were also used to make graphene-modified porous g-C3N4 
(porous g-C3N4/graphene). The polymerization process was carried out at various 
temperatures in this approach, with high calcination temperatures yielding porous 
g-C3N4.

Figure 2. 
Scheme of two representative synthesis routes for ordered mesoporous materials: (a) soft templating method and 
(b) hard templating (nanocasting) method. Reproduced from [8] with permission from the Royal Society of 
Chemistry.
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2.1.3 Fractional thermal polymerization method

Using melamine, guanidine carbonate, and dicyandiamide as starting ingredients, 
a fractional thermal polymerization process was used to create g-C3N4 particles 
with a large surface area. Melamine, guanidine carbonate, and dicyandiamide were 
polymerized to create g-C3N4 at 515, 550, and 515 degrees Celsius, respectively. At 
the temperatures given, no residual component of precursors could be established. 
Around 200–240°C, all of the products for these three precursor materials had the 
structure of C3H6N6, which converted to tri-s-trizines at 350–500°C. The dense 
packing between the conjugated aromatic system of g-C3N4 became stable using this 
fractional thermal polymerization approach. After 120 minutes of irradiation, the 
MO of g-C3N4-M (600°C) could reach 54.67 %, whereas that of g-C3N4-G (550°C) and 
g-C3N4-D (590°C) could reach 23.46 % and 22.16 %, respectively.

2.1.4 Simple pyrolysis method

Simple pyrolysis of affordable, environmentally friendly, active oxygen-evolving 
urea in a covered crucible yielded porous g-C3N4 with a band gap of 2.87 eV. The 
photocatalytic hydrogen evolution activity of g-C3N4 produced from urea as a pre-
cursor was higher than that of thiourea or melamine in the presence of methanol 
as a sacrificial reagent and Pt as a co-catalyst. This is due to the structure’s porous 
nature and large surface area. The g-C3N4 from urea has a somewhat lower degree of 
polymerization, resulting in more structural flaws acting as active photocatalytic sites 
for the Pt nanoparticle co-catalyst photodeposition as well as hydrogen production, 
according to XRD, TGA, XPS, and NMR data.

2.1.5 Ionothermal method

The synthesis of highly crystalline graphitic carbon nitride by dicyandiamide 
self-condensation in a salt melt of lithium chloride and potassium chloride has been 
demonstrated, and the resulting g-C3N4 has been compared to LiebigLs melon made 
using the typical bulk condensation technique. The product’s FTIR and elemental 
analysis point to a structure with few flaws and unreacted end groups, indicating a 
highly condensed framework. Powder XRD analysis and high-resolution TEM reveal 
pronounced in-plane ordering with a repeat distance of d = 7.30 K, which corre-
sponds to the separation of co-planar, covalently linked heptazine units, and a planar 
graphitic interlayer distance of d = 3.36 K, which corresponds to the separation of 
co-planar, covalently linked heptazine units.

3. Applications of g-C3N4 materials

3.1 Friedal: crafts reaction

Friedel–Crafts reactions are a type of aromatic C–H activation reaction that is 
known to be one of the least environmentally friendly industrial processes, creat-
ing roughly 88 percent waste. AlCl3 boosted the standard version. According to 
Goettmann et al. [9] that meso-g-C3N4 is an important Lewis base catalyst allowed 
for some quite strange aromatic substitution reactions to take place. A Friedel–Crafts 
type that has been generalized. This metal-free catalyst is not just good for the 
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environment. Only environmentally friendly alkylation agents, such as alcohols or 
acids, but they also showed unexpected reactivity in the direction of urea and quater-
nary ammonium compounds.

3.2 Selective oxidation reaction

The selective oxidation of hydrocarbons using pure oxidants is an important step 
in the synthesis of a wide range of products, from commodity chemicals to specialty 
medications. Chen et al. [10] proved that the Fe/g-C3N4 catalyst was capable of con-
verting benzene to phenol without the use of hydrogen peroxide. The yield of phenol 
synthesis might be significantly increased by utilizing the photocatalytic capabilities 
of g-C3N4. Su et al. [11] demonstrated that under visible light irradiation, meso-g-
C3N4 can operate as a photocatalyst to activate O2 for the selective oxidation of benzyl 
alcohols.

3.3 Oxygen reduction reaction in fuel cells

Fuel cells have sparked a lot of interest since they provide cleaner, more sustain-
able energy. The high cost of Pt catalyst and the slow kinetics of ORR now limit the 
practical applications of fuel cells. Carbon compounds containing nitrogen, such as 
g-C3N4, are worth exploring because they give enough active sites for ORR. However, 
the low electron transport of g-C3N4 limits its electrocatalytic effectiveness. One 
option for addressing this issue is to use conductive carbon materials as a support to 
boost electron accumulation and consequently electrocatalytic performance. Lyth  
et al. employed g-C3N4 as an oxygen reduction catalyst and discovered that, while the 
electrocatalytic activity of g-C3N4 was higher than pure carbon, the current densities 
were low, presumably due to its low surface area. It was discovered that combining 
C3N4 with carbon black boosted current densities. Yang et al. used nanocasting to 
make graphene-based C3N4 (G-CN) nanosheets. The G-CN nanosheets had a high 
nitrogen content and a large specific surface area, and their electrical conductivities 
were improved.

4. Advantages of g-C3N4 materials in photocatalyst

The advantages of photocatalysts with varied morphologies are obvious. Two-
dimensional photocatalysts made in a specific way, for example, have a bigger specific 
surface area and more reactive sites. Other decorative components introduced 
throughout the construction process can also be used. However, there are still cer-
tain issues, such as a tight reaction temperature requirement and uneven particle 
distribution.

4.1 Doping of elements

The use of element doping to change the band structure of photocatalysts and 
enlarge the light absorption zone is an effective method [9]. Non-metallic (B, O, S, I) 
doped g-C3N4 has been widely utilized to alter the optical absorption of internal band-
gap structure and to adjust the photocatalytic performance of g-C3N4 to promote the 
redox potential in visible light [10–14]. The light absorption range of nanosheets, on the 
other hand, reduces due to the quantum confinement effect, which increases the band 
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gap [15, 16]. As a result, we can apply elemental doping to change the band structure 
of g-C3N4, which improves both light absorption and charge separation [17]. Oxygen 
doping, boron doping, phosphorus doping, and halogen doping will all be investigated.

4.2 Oxygen doping

By doping oxygen into g-C3N4, Wei et al. [18] significantly increased photocata-
lytic performance. Figure 3 shows the process of making oxygen-doped g-C3N4 
nanospheres. The copolymerization of the precursor can be used to adjust the degree 
of oxygen doping. As a result, oxygen-doped g-C3N4 demonstrated exceptional 
photocatalytic performance, with a Rhodamine B visible light degradation rate of 
0.249 min−1 which was greater than traditional g-C3N4, respectively. Zhang et al. [19] 
also doped varied oxygen element concentrations in typical carbon nitride materials 
by introducing different quantities of oxalic acid. Photocatalysis efficiency has been 
significantly enhanced. The addition of oxygen to the energy band structure can 
change the energy band structure and boost visible light absorption.

4.3 Boron doping

Thaweesak et al. [20] used one-pot thermal condensation to create a novel form 
of boron-doped graphitic carbon nitride nanoscale material. The best time catalytic 
hydrogen evolution activity is reported to be 1880 mol g−1 h−1 (> 400 nm), which 
is more than 12 times greater than bulk g-C3N4. The combination of band structure 
development and morphological control is credited with the strong photocatalytic 
performance. He et al. [21] successfully doped boron into a line-shaped carbon nitride 
photocatalytic material using sodium borohydride corrosion. The photocatalytic 
performance was successfully improved. Boron doping not only narrows the band gap 
and absorbs more visible light, but it also has a larger surface area than bulk g-C3N4, 
improving photocatalytic activity significantly. These works show two different 
preparation tactics that work together.

4.4 Phosphorous doping

Kumar et al. [22] used solid thermal condensation of urea, citric acid, and 1-butyl-
3-methylimidazolium hexafluorophosphate (BMIM-PF6) in a reactor at 200°C to 
make phosphorus-doped carbon nitride quantum dots (CNPQDs). Figure 4a depicts 
the fabrication of carbon nitride-doped quantum dots (CNPQDs). By condensa-
tion polymerization, urea and citric acid produce a basic carbonitride skeleton, and 

Figure 3. 
The preparation of oxygen-doped g-C3N4 nanospheres. Reproduced with permission [18]. Copyright 2018, Royal 
Society of Chemistry.



71

Graphite Carbon Nitride
DOI: http://dx.doi.org/10.5772/intechopen.104976

BMIM-PF6 serves as a phosphorus doping source in this synthesis. Figure 4b depicts 
the steady-state photoluminescence (PL) spectra of phosphorus-doped carbon nitride 
quantum dots (CNPQDs) and carbon nitride quantum dots (CNQDs) in water. 15 N 
and 31P are two of the most common elements found in nature. Figure 4c shows the 
CPMAS NMR spectra of CNPQDs. Figures 4d and e depict the process of (CNPQDs) 
alteration in a titanium dioxide array.

4.5 Iodine doping

Iqbal et al. [23] used a straightforward one-step technique to make a nano-meso-
porous g-C3N4 doped with iodine and N vacancy at the same time. Synergistic iodine-
doped mesoporous g-C3N4 epidermoid shedding and the introduction of N vacancy 
due to the release of nitrogen-rich gas has been observed when glucose and NH4I are 
heated simultaneously. Under simulated solar light, the produced iodine-doped meso-
porous g-C3N4 has an exceptional photocatalytic hydrogen generation performance of 
7819.2 mol g−1 h−1, approximately 6.5 times greater than bulk g-C3N4 and other types of 
iodine doped g-C3N4 photo-catalysts. This paper demonstrates a straightforward and 
practical method for synthesizing high-performance metal-free g-C3N4 photo-catalysts 
by altering the electronic transition via a well-designed band structure (Figure 5).

4.6 Bromine doping

A bromide doped graphite phase carbon nitride technique was proposed by Lan et al.  
[24]. While preserving the core structure of Triazine as the main component of the 
material, bromine alteration can increase the optical, conductance, and photocatalytic 
capabilities of g-C3N4. Figure 6 depicts the photocatalytic mechanism of the CN-Br pho-
tocatalyst. The process can be used to modify a variety of g-C3N4 precursors, including 
urea, dicyandiamide, ammonium thiocyanate, and thiourea. This work also demonstrates 
a viable method for rationally designing and synthesizing g-C3N4-based photocatalysts.

Element doping can significantly improve catalytic performance, particularly for 
visible light. However, there are some drawbacks that cannot be overlooked, such 
as the lengthy preparation procedure, increased production costs, and decreased 
industrial production.

Figure 4. 
(a) Schematic diagram illustrating the synthesis of phosphorus-doped carbon nitride quantum dots (CNPQDs). 
(b) Steady-state PL spectrum of CNPQDs and carbon nitride quantum dots (CNQDs) in water. Inset showing 
fluorescence of CNPQDs sample under UV light irradiation. (c) N and P CPMAS NMR spectra of CNPQDs. 
(d-e) the preparation of CNPQDs decorated square-shaped TNTAs. Reproduced with permission [21]. Copyright 
2019, Wiley-VCH.
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5. Conclusions

In summary, this chapter focuses on the synthesis methods and applications of 
g-C3N4 and g-C3N4-based materials in energy storage. Because of its unique char-
acteristics and wide range of applications, g-C3N4 is a good candidate for effective 
energy storage. As a result, research into g-C3N4-based composites for energy 
storage and conversion is expected to pick up speed in the near future. Despite 
significant progress over the years, there are still numerous hurdles in the use of this 
material in catalysis.
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A Triphasic Superwetting Catalyst 
for Photocatalytic Wastewater 
Treatment
Lagnamayee Mohapatra and Jun Ha Park

Abstract

The increasing organic contamination is mainly produced by the widespread 
industrial, agricultural, and household applications and has become a serious world-
wide issue. Therefore, we need to develop sustainable and environmentally friendly 
technologies to reduce waste detrimental to the environment. A promising approach 
is known as heterogeneous photocatalysis, inspired by natural photosynthesis. For 
this purpose, the challenges raised to synthesize appropriate surface nano/micro-
structured materials with long-term stability and mechanical durability for practical 
use. The traditional photocatalytic system is diphasic (dependent upon the solid-liq-
uid phase), where the solid-liquid reaction interface depends upon the mass transfer. 
Especially, the low concentrations of oxygen in water and the slow diffusion rate limit 
the removal of electrons which decreases the photocatalytic reaction rates even if the 
presence of high light intensities. Therefore, the work aims to develop novel triphasic 
superwetting photocatalytic materials where the photocatalytic reaction is carried out 
at gas-liquid-solid joint interfaces. This triphasic contact line can allow oxygen from 
the air to this reaction interface and minimize electron-hole recombination even at 
high light intensities. Herein, we intend to discuss the importance of a novel super-
wetting triphasic nanoarrays catalyst that will be developed and implemented.

Keywords: heterogeneous photocatalysis, triphasic system, gas-liquid-solid joint 
interfaces

1. Introduction

Photocatalysis has wide applications in environmental, fuel production, and 
chemical synthesis [1, 2]. Photocatalytic materials that can convert photon energy to 
chemical energy are employed to split water to produce hydrogen and also produce 
highly reactive intermediates for chemical synthesis and reactive oxygen radicals 
for the degradation of organic pollutants [3]. Light absorption generates holes and 
electrons within the valence and conduction bands in heterogeneous photocatalysis. 
Those charges may migrate within the semiconductor particle and be trapped at 
surface sites. They’ll also participate in the interfacial electron transfer processes 
involving the molecules of electron acceptor (A) and donor (D). within the photo-
catalytic organic degradation process, oxygen act as A and water as D, creating anion 
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(O2
•–) and chemical group (OH•) radicals. Those reactive radicals are liable for most of 

the oxidation of organic substances. Oxidation under these conditions is sometimes 
complete, giving H2O and CO2 because of the final products.

The reactions can therefore be used in water, air, or surface purification. But, the 
recombination of photogenerated charge carriers competes with this photocatalytic 
degradation process, which is a critical factor in limiting the kinetics of photocatalysts 
and reaction rate. To overcome this limitation, numerous photocatalysts have been 
developed to enhance efficiency. The nanomaterials with large surface areas, abun-
dant surface states, and specific morphologies have emerged as pioneering photocata-
lysts for the dye degradation process. The optimal structure-properties relationships 
are essential for efficient organic pollutant degradation [4]. Significantly, the hierar-
chical hetero-nanostructured materials called nanoarrays give rise to separating the 
photogenerated electron-hole pairs to improve the photocatalytic activity further 
[5]. To reduce the recombination of charge carriers, the photocatalyst surface need 
suitable and sufficient acceptors. Since these processes involve some complicated 
steps, but improvement of separation and transportation of photogenerated charge 
carriers are the main challenges to designing highly effective photocatalysts for 
practical applications. Another critical issue that induces the photocatalytic activity 
of a catalyst is the nature of its surface/interface chemistry. The surface energy and 
chemisorption properties are vital in transferring electrons and energy between 
substances at the interface. This process allows the overpotential of redox reactions 
on the photocatalyst surface, which reduces photo-corrosion. Previous studies have 
mainly focused on the reactivity of the catalyst. Moreover, the less diffusion rate of 
oxygen in water, limits the photocatalytic reactions even under high light intensity. In 
contrast to conventional double-phase photocatalytic systems, which consist of cata-
lysts immersed in a bulk liquid phase, triple-phase catalytic systems by supporting 
catalysts at the gas-liquid boundaries have been developed and exhibited outstanding 
performance [6].

The wettability modification of a catalyst surface includes a vital role in improv-
ing the charge transfer ability. Superwetting behavior could be a unique wetting 
phenomenon that always depends upon the phases. Superwettable surfaces, like 
super-hydrophilic and superhydrophobic surfaces, exhibit unique transport dynam-
ics and providing exceptional prospects for reinforcing chemical process efficiency. 
Therefore, these materials are dramatically different from traditional materials. 
Superwetting catalysts have enhanced catalytic activity when introducing an air layer 
between the catalyst and liquid. The charge carriers from reacting interface are very 
fast to radicals by oxygen, and enough oxygen within the air layer can effectively 
capture electrons and minimize the electron-hole recombination. Superwetting mate-
rials are commonly designed by controlling surface energy, chemical compositions, 
and geometric structures of solid surfaces. This chapter discussed the photocatalytic 
organic pollutants supported superwetting materials. The discussion mainly contains 
widely investigated photocatalytic reactions involving gas and water molecules as 
reactants and products for organic pollutant degradation.

2. Theoretical basis of wettability

Contact angle (CA) assigned as θ, which can give the quantitative measurement of 
wetting of a solid by a liquid. Therefore, it can be defined as the angle measured by a 
liquid where the liquid-gas interface meets at solid surface as shown in Figure 1.
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2.1 Theoretical models

Wettability is an essential property of solid materials. When liquid droplet 
contacts a solid surface in air, a three-phase contact line is formed at the three-phase 
junction. The contact line expands outward up to the droplet reaches a static state. In 
a steady-state system, a three-phase contact line is contact because of an equilibrium 
tangential forces created by the interfacial and surface tensions. The wetting proper-
ties of the liquid on solid surface is measured by the CA such as when θ < 90°, the 
surface considered to be hydrophilic and when θ > 90°, the surface is hydrophobic. 
However, when the θ > 150°, the surfaces are highly hydrophobic and called superhy-
drophobic. Similarly, superhydrophilic surfaces have a θ < 10°.

The Wetting properties of the solid surfaces is governed by the Young, Wenzel, 
and Cassie-Baxter equation. The young are derived by balancing the interfacial forces 
at a three-phase contact line Eq. (1).

 γ γ
θ

γ
−

= sv sl

lv

cos  (1)

Here θ is the CA of the liquid droplet, γsv (solid-gas) γlv (liquid-gas), and γsl (solid-
liquid) interfacial force per unit length of the contact line which is surface tension. 
Moreover, the balance of angle formed by the liquid at the three-phase boundary is 
defined as young’s contact angle (Figure 2a). According to the value of contact angle, 
the surface should be hydrophilic (θ < 90°, γS > γSL) and hydrophobic (θ > 90°, 
γS < γSL) (Figure 2b and c).

For the solid surface which has rough morphology, then Wenzel introduced the 
factor of surface roughness, r, into Young’s equation after considering the influence of 
rough surface structure on wettability. Therefore, the definition is the actual surface 
area to the projected surface area is “r”. In this case, the liquid fills the microstructure 
of the solid surface (Figure 3a). For a liquid droplet in the Wenzel state, the mea-
sured/apparent CA (Θw ) can be expressed by the Wenzel equation Eq. (2) which can 
be expressed the surface roughness.

 Θ = .cos w r cosθ  (2)

Figure 1. 
Schematic illustration of the triple-phase contact line.
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For hydrophobic surfaces, the roughness is very high and large r value. Sometimes, 
the liquid does not penetrate in to the roughness, so that the layer of trapped air 
between the solid surface and the liquid. In this case the contact interface between 
liquid and the solid surface consists of liquid-solid contact and liquid-air contact 
(Figure 3b) and expressed by Cassie equation Eq. (3)

 θ ⋅ θ + ⋅ θ1 2c 1 2cos = f cos f cos  (3)

Where θ c  is the CA, θ1, θ2 are the CA of the liquid droplet on the solid and air 
phases and f1, f2 are the area ratio of liquid-solid contact and the liquid-air contact, 
respectively. Again, for solid microstructure surface, if the liquid-solid contact area 
fraction is f, then liquid-air contact will be (1 − f). So that, the Cassie equation will be 
Eq. (4):

 ( ) °= + −1 1 180cos fcos f cosθ θc  (4)

According to wettability, superwetting materials are generally categorized into 
four types: superhydrophobic, superhydrophilic, superoleophilic, and superoleopho-
bic states. Specially, the first two kinds of superwetting materials which can be used 
for oil/water separation. These superwetting materials are believed to be promising 

Figure 2. 
(a) The wetting regime for Young’s model, measurement of contact angle for (b) hydrophilic and (c) hydrophobic 
surfaces.

Figure 3. 
Various states of droplets on a solid surface (a) Wenzel model, and (b) Cassie–Baxter model.
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materials for removing pollutants from water due to their superwetting property 
towards oils and water [7, 8].

2.2 Characterization of wettability

2.2.1 Classification of wettability

The most common measurements involving the static CA and the dynamic CA are 
utilized to know the surface property. The materials with specific wettability attain exces-
sive attention owing to their outstanding performances for practical applications [9–11].

2.2.2 Static contact angle and dynamic contact angle

During the measurement, the contact area between liquid and solid is not changed 
from outside, but the dynamic contact angle can produce during wetting (advancing 
angle) or de-wetting (receding angle). Besides water droplets, other organic liquids 
can be also used for testing the surface wettability. When oil on a solid substrate, it 
can be observed four fundamental states: oleophilic, oleophobic, superoleophilic, and 
superoleophobic.

2.2.3 Contact angle hysteresis

Contact angle hysteresis (CAH) is an important physical phenomenon. Contact 
angle hysteresis reflects the activation energy required to move a droplet from one 
metastable state to another on a surface. CAH refers to the difference value between 
the advanced CA (θAdv) and the receding CA (θRec). An analysis software usually 
measures θAdv and θRec after a microscopy system reordered real-time images.

3. Importance of super wetting materials for photocatalysis

3.1 Triphase interfaces

In the liquid phase, air pockets are stuck with the rough topological surface of 
the superhydrophobic substrate, forming a triphasic solid–liquid-air interface. For 
photocatalytic reactions, this triphasic contact line usually serves as an active area for 
interfacial reactions and provides a vital clue to surface behavior. The oxygen supply 
from the air reacts with photogenerated electrons from the surface of the photocata-
lyst, producing oxidative reactive oxygen species (ROS) such as superoxide radicals 
(O2

•−) and hydroxide radicals (OH•) and resulting in the degradation of organic 
pollutants (Figure 4). Especially, during organic pollutant degradation, the carbon 
bonds breaks the on the superhydrophobic surface and can show long-term stability. 
Practically, a superhydrophobic with long-term stability catalyst is required.

3.2 Photocatalysts based on different wettability

3.2.1 Superhydrophilic photocatalysts

Inspired by the natural world’s self-cleaning as well as the water-repellent proper-
ties of the lotus leaf, superwetting materials with unique wettability are believed to 
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be promising materials for removing organic pollutants from water. Historically, the 
study of the superhydrophilicity of titanium dioxide (TiO2) films traces back to 1997. 
Before illumination by UV light, the contact angle of TiO2 surface was 72°. But after 
the UV illumination on the particular duration, the droplets completely spread on. 
This is due to creating numerous high-energy domains with hydrophilic/oleophilic 
properties on TiO2 surfaces. Moreover, the wetting properties of single TiO2 surfaces 
could be exchange between hydrophobicity and superhydrophilicity under the 
interchange of long-term dark storage and UV light irradiation.

After discovering its confirmed that, the TiO2 surface with superamphiphilic 
ability has unique wetting transition under UV light [12, 13]. Furthermore, Wang and 
co-workers reported a hydrophilic TiO2-coated glass with effective photogeneration, 
displaying antifogging and self-cleaning induced by UV illumination [14]. Then, 
Fujishima et al. confirmed the nanostructure TiO2/SiO2 films shows superwettability 
under UV irradiation. In the case, the upper part of TiO2 layer and the bottom part 
of porous SiO2 layer with a low refractive index providing platforms for self-cleaning 
and antifogging/reflection [15]. Also, Shang et al. fabricated visible active N-F doped 
TiO2 Nanotube and palladium oxide is decorated on the surface of the nano array [16]. 
Due to their superior photocatalytic property and particular nanoarray alignment, 
it gives promising self-cleaning applications. Since then, the superwetting approach 
has been frequently used for antifogging and self-cleaning applications. Jiang’s group 
fabricated translucent and stable Ag@AgCl/g-C3N4/TiO2 ceramic films that showed 
superhydrophilicity and excellent photocatalytic activities for Rhodamine B degrada-
tion under visible and complete spectral irradiations. In this case, the water molecules 

Figure 4. 
Schematic representation of a triphasic nanoarray photocatalyst and the photocatalytic water purification process.
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from air can occupy the oxygen vacancies of TiO2 of the composite and produce 
hydroxyl groups, which makes the TiO2 more hydrophilic. So, by mixing P25 with 
g-C3N4 in a colloidal silica system, nano TiO2 particles can be dispersed and attached 
to the g-C3N4 particles, leading to increased surface roughness and hydrophilicity of 
the film systems. In this case, the hydroxyl groups of P25 may interconnect with that 
of silica particles which helps to increase the bonding strength of graphitic carbon 
nitride composite film and silicate glass. Besides adding P25 into the film system, the 
catalytic efficiency is improved [17]. Then, the Zhang group studied the Polymer-
based nanocomposites functionalization by organic moieties to make superhydro-
philicity. Afterwards, TiO2 nanoparticles coated with hydroxyethyl acrylate (HEA) 
without any solvent formed high durable superhydrophilic catalyst [18]. Compared 
with the bare TiO2 films, the TiO2 nanotube array film has excellent photocatalytic 
efficiency in terms of methyl orange (MO) degradation is reported [19].

Chen and co-workers reported hydrophilic interface engineering of the hydro-
philic CoOx modified hydrophobic Ta3N5, which improves its water oxidation 
efficiency under visible light irradiation. Compared to the pristine Ta3N5 surface, 
CoOx deposited onto the MgO–Ta3N5 surface showed a 23-fold improvement [20]. 
Similarly, core-shell NaYF4:Yb, Tm@TiO2 NPS is fabricated for photocatalytic activi-
ties. Here, the hydrophilic layers of TiO2 were coated onto hydrophobic NaYF4:Yb 
materials and the Tm nanoplates are partially exchanging with oleic acid ligands 
which shows hydrophobic in nature into cetyltrimethylammonium bromide (CTAB) 
surfactants which is amphiphilic character. The combination of NaYF4:Yb, Tm (up 
conversion materials) with TiO2 (wide bandgap) with broad spectrum absorption 
changes the wettability of a solid surface to achieve high-quality interfaces in photo-
catalysts for smooth carrier migration [21].

3.2.2 Superhydrophobic photocatalysts

Superhydrophobic metal oxide like ZnO [22], exhibits advanced photocatalytic 
activity; however, during prolonged UV irradiation, superhydrophobicity changes into 
superhydrophilicity, resulting from the easy decompositions of low-surface-energy 
compositions under the stimulus of light. Consequently, a photocatalyst showing 
long-term superhydrophobicity was once considered not to exist. More generally, it is 
undoubtedly necessary to modify the surface of the catalyst with stable hydrophobic 
organics, which are chemically and directly bonded. Therefore, to achieve photocata-
lytically active hydrophobic materials, researchers have combined metal-oxide particles 
with hydrophobic polymers like Polydimethylsiloxane (PDMS) and polytetrafluoro-
ethylene (PTFE) as composite mixtures [23–25]. Recently, metal oxides (TiO2) and 
nonwetting organic polymers, namely epoxy resin, followed by grafting 1H,1H,2H,2H-
perfluorooctyltriethoxysilan (PFOS), we prepared an inorganic-organic superhydro-
phobic paint (IOS-PA) used for photocatalytic removal of three organic dyes, Nile red, 
methyl blue, and methyl orange [26]. PDMS, PTFE, and silicone nanofilaments have 
also been used to conduct long-term superhydrophobicity and photocatalysis on one 
surface [26–29]. Sheng and co-workers established a novel triphase photocatalytic sys-
tem by creating a unique photocatalyst in which TiO2 nanoparticles (NPs) were immo-
bilized on carbon fiber (CF) substrate treated by poly(tetrafluoroethylene) (PTFE) for 
water pollution remediation [30]. After immobilizing TiO2, the surface of the materials 
are changed from superhydrophobic to hydrophilic. In the time of photocatalytic 
reactions, the TiO2 will be hydrophilic part while the substrate will be the superhydro-
phobic state which was connected with the atmosphere. Hence, the total system should 
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have an abundant triphasic contact area, which allowed a sufficient oxygen transport 
and the rapid generation of reactive oxygen species for organic pollutants degrada-
tion. Recently, a superhydrophobic (SHB) TiO2 nanoarrays catalyst with low surface 
energy and rough surface microstructure was reported as a model photocatalyst. The 
soft surface energy and rough surface microstructures of the SHB nanoarrays give 
the photocatalytic system long-range hydrophobic in nature and helps to introduce the 
triphasic reaction interface [31]. Superhydrophobicity is an integral part of self-cleaning 
on a photocatalyst which showed the synergistic effect of strong water repellency and 
photocatalytic activity [28], where the rolling drops remove macroscopic particles 
and the photocatalytic degradation ensure by UV or solar light. In a superhydrophobic 
system’s air-water-solid triphase joint interface [27, 32, 33], a continuous and steady gas 
channel is recognized, providing abundant gaseous reactants and the resulting quick 
gas transportations. This system overcomes the drawbacks of weak dissolved gas trans-
fer and low solubility in liquid-solid diphase reaction systems. Thus, photocatalytic 
activity efficiency and selectivity are sharply increased. Jinxiu groups reported about 
the oil–water mixture separation and photocatalytic degradation of quinoline blue, 
rhodamine B, methyl orange and methylene blue by using [Ni(DMG)2] hollow micro-
tubes. The prepared [Ni(DMG)2] films is act as superhydrophobicity and superoleo-
philicity and ascribed to the Cassie–Baxter model. Similarly, Ag/TiO2@PDMS coated 
cotton fabric which is low-cost effective, and recyclable separation material used for 
water purification to degrade methylene blue (MB) [34]. The effect of a grafted PDMS 
layer on wetting properties of TiO2 for photocatalytical application is studied by Butt 
group [35]. The most effective dual-purpose ceria nanoparticle membrane is fabricated 
by facile spray-deposition method on stainless steel membrane for oil-water separation 
and photocatalytic degradation. The prepared membrane has superwetting properties 
which is efficient for oil/water separation. In this case the oil is passing through the 
stainless-steel membrane, whereas, high column of water is blocked. Furthermore, the 
CeO2 coated membrane is utilized for the efficient degradation of a dye [36].

4. Conclusions

The present chapter fully addresses the main objectives of water purification by 
using a triple-phase catalyst. Under irradiation, charge carriers are formed on the sur-
face of the photocatalyst, and the success of pollutant molecule degradation critically 
depends on the interaction between the surface and the target molecules. Therefore, 
the organic pollutant degradation efficiency strongly depends on the fabrication 
method as it drives the shape and size of the photocatalyst and its hydrophobic or 
hydrophilic characteristics. Compared with state-of-the-art diphasic photocatalytic 
systems, for which the limited concentration and diffusion rate of oxygen reduces the 
degradation efficiency, the novel triphasic photocatalytic system with superhydro-
phobic triphasic interface architecture will allow the rapid delivery of oxygen directly 
from the air to the reaction interface, thus minimizing electron-hole recombination 
and resulting in remarkably high efficiency. Recently, a solid surface’s superwettabil-
ity (especially underwater superoleophobicity) has attracted much attention owing to 
its importance for photocatalytic. Although this is new research, it is rapidly growing 
and promising in future research, which enormously extends the research field of 
superior wettability to the triphasic system. Therefore, the surface wettability of a 
photocatalyst film in the liquid-liquid-solid system should also be an exciting research 
focus shortly.
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Hybrid Magnetic-Semiconductor 
Oxides Nanomaterial: Green 
Synthesis and Environmental 
Catalytic
Thi Huong Nguyen, Minh Thanh Vu and Ngoc Son Nguyen

Abstract

Semiconductor oxide nanoparticles with various properties are used in applications 
such as photocatalysis, lithium-ion batteries, antimicrobial materials, magnetic and 
antibacterial materials, sensors, thermally conductive and anti-ferromagnetic films 
and photocatalysis. Coprecipitation, sol-gel, electrospray synthesis, laser ablation, 
hydrothermal and green synthesis methods have been developed for the synthesis of 
semiconductor oxide nanoparticles. The photocatalytic treatment method is environ-
mentally friendly, thorough, and has high efficiency. Hybrid magnetic-Semiconductor 
oxide nanoparticles materials are aggregated. This results in the combination of the 
superparameters of the iron oxide nanosystem and the ability to rapidly adsorb pollut-
ants and separate them from environmental water, solid. This is due to characteristic 
properties such as low superparameter, low toxicity, low electrical conductivity, and 
large specific surface area. In addition, biosynthesis has attracted attention because 
it takes advantage of nonhazardous, environmentally friendly biological systems like 
bacteria, fungi, leaves, vitamins, and yeast to synthesize metal oxide nanopartilces and 
combined with sonosumbers to increase the dispersion of the system, reduce the size 
of the catalytic particles, and reduce the reaction time.

Keywords: hybrid magnetic-semiconductor nanomaterials, green synthesis, 
environmental catalysis

1. Introduction

Pollution treating technologies have been studied and applied for a long time. Up 
to now, they still attract a lot of attention from scientists to aim for a new material, 
technology with high efficiency, thorough and convenient processing. In particular, 
the appearance of nanomaterials has a positive impact on almost every aspect of engi-
neering, technology and life. Environmental treatment technology is no exception to 
that influence. Nanotechnology involves the fabrication of nanoscale materials, along 
with the means and techniques to control them, in order to utilize the superior prop-
erties of this material. Nanotechnology was discovered in the late 1960s and has been 
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applied in many different fields from science, engineering, technology, medicine, 
bringing great efficiency [1]. In the field of environmental remediation, nanotechnol-
ogy also promises to bring new advances. With nanomaterials having the advantage 
of large specific surface area, chemical activity of the surface of the material as well 
as the ability to transform and functionalize the surface, it opens countless research 
directions to bring a high performance on pollutant treatment and increase the ability 
to handle some stubborn pollutants. There have been many studies on this research 
direction, different water pollution treatment technologies have been used. In the 
past, the removal of pollutants often relied on adsorption technology. Accordingly, 
nanomaterials with adsorption affinity for pollutants are fabricated, they adsorb 
pollutants on the surface to help clean water flow. Of course, their limitation is that 
usually all materials have a certain adsorption capacity. Post-treatment material 
collection and an additional step of handling this material is required. A recent new 
direction uses materials with photocatalytic activity to combine the adsorption and 
treatment of organic pollutants right on the surface of the material. This type of 
material is usually semiconducting metal oxides, which have a wide band gap suitable 
for excitations by sunlight. However, nanomaterials also have disadvantages in the 
treatment of pollutants, especially in aqueous solution. It is because they are nano-
sized that recovery will be very difficult, which easily leads to secondary contamina-
tion. To overcome this situation, scientists have thought of magnetic nanomaterials. 
Thanks to its magnetism, this material is easily recovered after processing.

2.  Green synthesis of hybrid magnetic-semiconductor oxides 
nanomaterials

The synthesis method plays a vital role in guiding the application of MNPs. 
Because this stage determines the basic properties such as particle size, size distribu-
tion, morphology, stability, and even surface properties of the MNPs. There are 
several different methods for synthesizing MNPs, which have been discussed in 
detail in many papers [2–4]. It can be observed that the common techniques used for 
synthesizing MNPs include coprecipitation, thermal decomposition, sonochemical, 
microemulsion, chemical vapor deposition, etc. In addition to these methods, a new 
and compatible approach to materials synthesis is using agents of natural origin such 
as plant extracts, bacteria, and fungi instead of chemical agents. The critical role 
of natural agents is as stabilizers by complexing with metal ions. Intriguingly, the 
natural agent-metal ion complex system reacts with the hydroxyl group in solution, 
forming a metal oxide instead of a metal hydroxide. This hypothesis seems plausible 
since metal oxides are formed at low temperatures, not by high-temperature metal 
hydroxide decomposition. In addition, natural agents act as capping agents, avoiding 
the agglomeration of nanoparticles. This approach aims to take advantage of avail-
able, renewable, natural agents and limit dependence on chemical agents to move 
towards a “greener” and more environmentally friendly world. Accordingly, the 
process of synthesizing MNPs is also done in the simplest way. It makes even more 
sense in environmental applications to use a “green” approach to clean the environ-
ment instead of potentially hazardous methods.

Plant extracts were the most common among the natural agents used to synthesize 
MNPs.

Mangosteen peel is a natural product widely used in the synthesis of nanopar-
ticles. They are rich in phenolic compounds, flavonoids, and terpenoids. Phenolic 
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compounds are all potent antioxidants, while flavonoids, benzophenones, and 
anthocyanins are thought to be closely involved in reducing metal cations to nanopar-
ticles [5, 6]. Yusefi et al. [7] synthesized Fe3O4 from mangosteen peel extract, with 
extract concentrations varying from 0.1, 2, 5, and 10 wt.%. The results show that the 
obtained ferromagnetic iron oxide nanoparticles have an average size of 13.42 nm. 
The saturation magnetization values varied from 49.80 emu/g to 69.42 emu/g as the 
extract concentration increased from 0 to 10 wt.%. Nanoparticles have high stabil-
ity and a long storage time. In another publication by this group of scientists, they 
demonstrated that the extract of Garcinia Mangostana fruit peel could be used as a 
bio-stabilizer and capping agent to enhance physicochemical properties and stability 
of Fe3O4 nanofluid [8].

The peel of pomegranate (Punica granatum L.) is generally of no value in 
consumption but has been found to be highly medicinal. Several studies indicated 
that they contain many valuable bioactive compounds, such as polyphenols, 
flavonoids, proanthocyanidins, and hydrolyzable tannins [9–11]. In addition to the 
anti-cancer, anti-fungal, and inflammatory activities, the antioxidant activity is 
quite intense, which is attributed to polyphenols compounds such as punicalagin 
and ellagic acid. Thanks to that, it attracted many scientists’ attention to synthesiz-
ing nanomaterials [12–14]. Yusefi et al. [15] synthesized magnetic iron oxide nano 
using Punica Granatum Fruit Peel Extract. The biologically active substances in the 
extract act as stabilizers, forming complexes with metal ions (Fe2+, Fe3+). This was 
further confirmed when the results confirmed that a significant number of organic 
compounds were present in the ferromagnetic oxide mixture. The organic matter 
content increased gradually with the concentration of extract used. In contrast, 
magnetism (magnetic saturation) shows in the opposite direction. Another work 
has also been carried out with similar results [16].

Lathyrus sativus is a well-known plant that contains alkaloids, carotenoids, fla-
vonoids, starch, carbohydrates, essential oil, leguminvicilin, legumelin, vitamin C, 
oleoresin, gum resin, tannins, terpenes, phenols, riboflavin, beta-carotene, proteins, 
and amino acids, which act as capping, reducing and stabilizing agents [17, 18]. 
Thanks to this unique feature, many research groups have used L. sativus shell extract 
to synthesize magnetite nanoparticles [19, 20].

Potatoes are mainly composed of carbohydrates, mostly starch. These macromol-
ecules with hydroxyl groups are expected to facilitate metal complexation. Sharma 
et al. [21] used potato extract to synthesize ferromagnetic nanoparticles with the 
assistance of ultrasonication which facilitated quick and easy complexation.

3. Application of hybrid magnetic-semiconductor

3.1 Removing heavy metals

Heavy metals are naturally formed in the earth’s crust, they are named for their 
high density. Some heavy metals are common ingredients on earth such as tin, copper, 
gold, silver…. They are widely used in manufacturing and agriculture. Some of them 
are essential components of the human body, but in large doses they can be toxic, 
especially to children and unborn babies.

Some heavy metals are on the list of chemicals harmful to public health published 
by WHO including lead, cadmium, mercury, arsenic, manganese, chromium. There 
are different types of magnetic nanoparticles (MNPs) based on the magnetic metal 
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element. In heavy metal remediation field, ferromagnetic oxide attracts more atten-
tion thanks to its universality, high magnetism, low toxicity, easy synthesis, and 
modification.

3.1.1 Arsenic

Arsenic (As) is a relatively common element. They are notable for their toxicity 
and carcinogenic potential. Long-term use of As-contaminated drinking water will 
lead to cancers of the liver, lung, kidney, bladder and a number of other non-cancer-
ous diseases related to heart, brain, diabetes [22].

In order to limit the harmful effects of As on public health, the World Health 
Organization (WHO) has recommended that the concentration of As in drinking 
water be no more than 10 μg L−1. In natural water sources, Arsenic exists in inor-
ganic form with two main oxidation forms, arsenate AsO4

3− (As(V)) and arsenite 
AsO3

3− (As(III)). In particular, As(V) is more commonly found in surface water 
rich in dissolved oxygen, while As(III) is more present in groundwater. There are 
differences between these two existences of As. As(III) is more toxic, soluble, and 
mobile than As(V). However, there is a conversion process from As(III) to As(V), 
especially in the condition of water rich in dissolved oxygen. This process is also 
thermodynamically favorable, but this conversion time can also take days, weeks, 
or months, depending on the specific conditions [23, 24]. Various techniques can 
be applied to remove Arsenic such as precipitation, co-precipitation, ion exchange, 
adsorption, ultrafiltration, or reverse osmosis. Among these, adsorption is one of 
the most promising technologies because of its simple operation, low cost, and ease 
of research and improvement with new adsorbent materials. However, this technol-
ogy is almost only effective with As(V). It is very inefficient to remove As(III), so 
a pretreatment process is often required to convert from As(III) to As(V) before 
adsorption to remove Arsenic. This process is possible using oxidizing agents or 
oxidizing systems. Among them, manganese dioxide emerges as a potential candi-
date for arsenic treatment [25, 26]. This is explained by the relatively low oxidation 
potential of MnO2, which is consistent with the oxidation state of As(III) [26]. 
Taking advantage of this, studies on making nanomaterials from the binary metal 
oxide in which MnO2 and magnetic materials are combined in arsenic treatment have 
shown effective results. In addition to the magnetism that facilitates material recov-
ery, iron oxides have also shown high adsorption features for As(V) [27, 28]. Zhang 
et al. [29] synthesized Fe-Mn binary oxide (MFM) adsorbent for arsenic treatment. 
The adsorbent obtained has an average particle size of 26 μm, a specific surface 
area of   265 m2 g−1, and the maximum adsorption capacity for As(V) and As(III) is 
0.93 mmol g−1 and 1.77 mmol g−1. Also, Kong et al. synthesized adsorbent materi-
als on Fe-Mn binary oxides-loaded zeolite carriers [30]. The MFM-loaded zeolite 
material has good magnetism before and after arsenic adsorption. They are easily 
recovered by an external magnetic field. Some other characteristics such as specific 
surface area 340 m2 g−1, higher than most other adsorbents used in arsenic removal, 
particle size distribution in the range of 20–100 nm, ratio The Mn/Fe atom is 2:9. The 
zeolite substrate content was varied from 10%, 20%, and 30%. The magnetic proper-
ties of the material depend on the zeolite content. Specifically, the magnetic satura-
tion is 50.104, 31.779 and 16.165 emu g−1, respectively. Their coercivity forces (Hc) 
are 21,307, 24,823 and 28,338 Oe, and the magnetic remanences (MR) are 2.3628, 
1.8266 and 1.2903 emu g−1, respectively. These show that the magnetic hysteresis of 
the material is negligible, i.e., the magnetic field is almost zero after removing the 
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external magnetic field. Regarding the ability to adsorb arsenic, the test shows that 
almost As(III) is adsorbed on the MFM surface, gradually oxidizing to As(V). After 
30 minutes of treatment, As(III) and As(V) concentrations decreased from 2 mg L−1 
to 3.8 μg L−1 and 6.3 μg L−1, respectively. The authors have proven that the oxidation 
of As (III) into As (V) is due to MnO2, instead of Fe (II). These results show the 
potential application of MFM materials in arsenic treatment in water. In another 
work, Kumar et al. [31] synthesized magnetic nanohybrids from monolayer graphene 
oxide (GO) and manganese ferrite MNPs (GO-MnFe2O4). The obtained adsorbent is 
highly magnetic, and the adsorption capacity of As(III), As(V) as well as Pb(II) are 
very high and significantly increased thanks to denaturation by GO.

Recently, the trend of using synthetic methods or green materials in synthesizing 
materials is increasingly attractive. New adsorbent materials are not out of that trend, 
intending to prepare inexpensive and more environmentally materials successfully. 
Some raw materials such as natural cellulose, biochar, and plant extracts are studied 
and modified with MNPs to make heavy metal adsorbents. Cellulose is a renewable 
biopolymer with a wide range of applications. The presence of hydroxyl groups in  
the main chain makes them easily modified with other materials [32]. Hokkanen  
et al. [33] synthesized MNPs adsorbents from modified iron oxide nanoparticles with 
microfibrillated cellulose. Some characteristics of synthesized adsorbent materials 
such as improved adsorption capacity with As(V), best adsorption conditions in a 
low pH environment, and experimental data show that the adsorption process follows 
tissue pattern. Langmuir model, the kinetics is consistent with the pseudo-quadratic 
model, regenerate the adsorbent with NaOH solution, after three cycles of use, the 
adsorption efficiency still reaches over 98%. With the same adsorbent system as cel-
lulose iron oxide nanocomposite, Yu et al. [34] proposed a one-step synthesis method, 
using NaOH-thiourea-urea solution to dissolve cellulose. This method provides a 
“green” manufacturing process. The obtained adsorbent had good magnetic sensi-
tivity. Its adsorption capacity for arsenite and arsenate are 23.16 and 32.11 mg g−1, 
respectively. Lunge et al. [35] synthesized magnetic iron oxide nanoparticles from tea 
waste (MION-Tea) for arsenic removal by a straightforward method. The synthesized 
MNPs have a very small size, only about 5–25 nm, with a magnetization saturation 
value from 6.9 emu g−1. The FTIR spectroscopy results indicate that traces of organic 
fractions of tea waste are still present on the iron oxide surface. The arsenic adsorp-
tion test gave an impressive adsorption capacity with 188.69 mg g−1 for As(III) and 
153.8 mg g−1 for As(V). With a simple synthesis method, using an inexpensive tea 
waste agent and especially with a very high adsorption capacity of As, MION-Tea 
shows excellent application potential in removing As from water sources. In another 
interesting study by Zeng et al. [36], the iron source was obtained from iron-rich 
sludge water treatment. They were treated and synthesized into MNPs and re-applied 
to remove arsenic domestic. At pH 6.6, more than 90% of As(V) solution with a 
concentration of 400 g L−1 could be easily removed by the synthesized adsorbent  
(0.2 gL−1) in 60 min. Although the maximum adsorption capacity is not ideal with 
about 12–13 mg g−1, this is still considered a promising direction to take advantage 
of the wastewater filter residue to treat As in water compared to chemical agents. A 
similar approach is to attach ferromagnetic nanoparticles to plant-based adsorbents to 
add magnetism to facilitate adsorbent separation. M. Zang and his research team [37] 
synthesized porous biochar from woodcotton and loaded ferromagnetic nanopar-
ticles. The material was introduced magnetic with saturation magnetization of 
69.2 emu g−1, which was used as an arsenic adsorbent with a reasonably good adsorp-
tion capacity, reaching 3.147 mg kg−1 for As(V). Similar work was done by Nham et al. 
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who modified biochar which was synthesized from slow pyrolysis of rice straw with 
FeCl3 to form a biochar material system carrying ferromagnetic nanoparticles. The 
results show that the magnetic addition is favorable for the separation process, and 
the modified biochar material also has a more significant As(V) adsorption capacity 
[38]. Other studies were also carried out with similar purposes but using different raw 
materials such as pinewood and natural hematite [39], eucalyptus extract [40], red 
mud [41], and agricultural biomass [42]. This result promises to provide an inexpen-
sive, effective, and environmental solution for making arsenic adsorbents in water 
purification.

The arsenic adsorption mechanism on MNPs has been studied by the research group 
of Liu et al. [43]. They used spectroscopic techniques, including X-ray absorption near 
edge structure (XANES), EXAFS, and X-ray photoelectron spectroscopy (XPS), along 
with batch sorption experiments and thermodynamic calculations. The results show 
that the adsorption of As(V) and As(III) takes place very quickly at the beginning, then 
reaches equilibrium after about 2 hours, which is consistent with the pseudo-second-
order kinetic model. The experimental data also show that As adsorption on the MNP 
surface is monolayer and endothermic. The results of this study are consistent with the 
kinetics of As adsorption on the surface of MNPs published in the above studies. The 
study also demonstrated that no oxidation-reduction reaction occurs on the surface 
of MNPs when As is adsorbed on it. Instead, oxidation-reduction reactions can slowly 
occur when As is exposed to the atmosphere. The size of the nanocrystalline magnetic 
also dramatically affects the adsorption and desorption characteristics of As(III) and 
As(V). Mayo et al. [44], particle size has a profound influence on the arsenic removal 
process. When the particle size decreased from 300 nm to 12 nm, As(III) and As(V) 
adsorption capacity increased nearly 200 times. It is worth mentioning that this 
increase is higher than the corresponding increase in specific surfaces with such a 
change in grain size. This result is similar to that observed in the study of Tuutijarvi 
et al. [45]. In their conclusion, Tuutijarvi attributed this to the fact that for particles 
with a size of 12 nm, their dispersion in solution is better, while with larger particles 
(20 nm and 300 nm, respectively) nm) they are more easily aggregated. This explana-
tion seems unsatisfactory. Meanwhile, J. T. Mayo’s view is that the adsorption of arsenic 
on the surface of ferromagnetic nanoparticles is not simply adsorption on the surface 
of the particles but also through other means. The desorption results also support this 
point. Accordingly, the delay of the desorption path is more significant in the case of 
smaller particle sizes. The authors attributed this phenomenon to the greater affinity 
of arsenic for Fe3O4 nanoparticles. This is also in agreement with previously published 
research results [46].

3.1.2 Chromium

Chromium is a trace element that is very important for human health. However, in 
large doses can lead to serious health problems. Prolonged exposure to this metal can 
lead to higher accumulation levels in human and animal tissues, causing toxicity and 
impacting human metabolism, reducing crop yields [47]. Ingesting Cr-contaminated 
foods can lead to liver damage, lung congestion, and skin irritation. Chromium and its 
compounds are widely used in many industrial applications such as plating, tanning, 
metal finishing, photography [48]. Wastewater from these industries can contain Cr 
with concentrations ranging from tens to hundreds of mg of L−1. Chromium exists 
in water mainly in two trivalent forms Cr(III) and hexavalent Cr(VI). Cr(III) is less 
mobile, non-toxic, and even a trace element for humans and animals to exist in this 



95

Hybrid Magnetic-Semiconductor Oxides Nanomaterial: Green Synthesis and Environmental…
DOI: http://dx.doi.org/10.5772/intechopen.107031

form. In contrast, Cr(VI) is present in anionic forms as chromates (CrO4
2−), dichro-

mates (Cr2O7
2−), and bichromates (HCrO4

−). They are more mobile, highly soluble, 
and toxic to living organisms. In recent years, Cr pollution, especially Cr(VI) form, in 
both water and soil environments has increased due to human production activities. 
Therefore, the use of chromium in industrial production is being restricted gradu-
ally in some areas of the world. The treatment of Cr(VI) pollution in soil or water is 
an urgent issue, attracting much attention from scientists. Many different methods 
can be used to treat Cr-contaminated water. Among them, the common method is 
chemical redox combined with immobility. The disadvantages of this method are the 
prohibitive cost of the system, the consumption of chemicals, the generation of much 
sludge, the potential risk of re-pollution due to the leakage of sludge into the soil, and 
especially the recovery of metals to reuse after treatment is hardly feasible [49]. From 
many research results, the adsorption method has great potential for application in 
chromium removal, which overcomes the disadvantages of the traditional precipita-
tion method. Shen et al. [50] synthesized Fe3O4 of different sizes using the co-precip-
itation technique (8 nm) and the polgol method using propylene glycol (35 nm). The 
Cr(VI) adsorption efficiency was tested, and the results showed that the adsorption 
capacity of Cr(VI) reached 35.46 and 7.45 mg g−1, respectively. The effect of pH on 
Cr(VI) removal efficiency was investigated. As a result, a low pH value (2–3) is opti-
mal for adsorption. This is explained by the fact that under acidic conditions, H+ ions 
adsorb to the adsorbent surface, making the surface positively charged, from which 
Cr(VI) exists in the form of oxyanions, which are readily adsorbed by interactions 
electrostatic action. This explanation agrees with the Cr(VI) adsorption mechanism 
previously proposed by Chen et al. [51]. A similar study has been done by Rajput et al. 
[52]. The ferromagnetic oxide nanoparticles are synthesized by the co-precipitation 
method. The obtained MNPs are spherical in shape, 15–30 nm in size, and the specific 
surface area is about 12.7 m2 g−1, the point of zero charges (pHPZC)) 7.4. Adsorbent 
materials were regenerated in an alkaline environment. Unfortunately, their adsorp-
tion capacity decreases quite quickly after each regeneration. The results of these 
studies show that Fe3O4 can be used to adsorb Cr(VI), but the efficiency is not high, 
and the reusability is relatively poor. This can be explained because this adsorption 
process is physisorption, lacking the specific affinity of Cr(VI) for Fe3O4. In addi-
tion, the medium favors the adsorption of Cr(VI) under low pH, which easily leads 
to the dissolution of Fe3O4. Therefore, the study and enhancement of the adsorption 
capacity of Fe3O4 for Cr(VI) by denaturing, increasing the specific surface area, or 
introducing organic species with a particular affinity for this metal are being studied.

The research group of Shi et al. [53] attached Fe3O4@SiO2-NH2 to carboxylated 
biochar to form magnetic biochar to remove Cr(VI) and Cr(III) metals in the solu-
tion acid. The results show that Fe3O4@SiO2-NH2 not only enhances the adsorption 
capacity of Cr(VI) anions but also immobilizes Cr(III) cations. The proposed process 
mechanism consists of 3 steps: (1) adsorption of Cr(VI) anions on the surface by 
protonated functional groups; (2) reduction of the Cr(VI) anion to the Cr(III) cation 
by electron donor groups; (3) complexation and immobilization of Cr(III) by amine 
and carboxyl groups on magnetic biochar.

Polypyrrole (PPy) is an organic polymer synthesized by oxidative polymeriza-
tion of pyrrole. PPy possesses many interesting properties such as high electrical 
conductivity, environmental stability, non-toxicity, and ease of preparation. These 
advantages make PPy very popular in many different applications [54, 55]. PPy is 
noted to be positively charged at the N atoms on the main chain, which is highly 
preferred in synthesizing adsorbents [56]. The PPy/Fe3O4 nanocomposite adsorbent 
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was first synthesized by Bhaumik et al. to remove Cr(VI) [57]. The ferromagnetic 
nanoparticles were encapsulated by PPy through the in-situ polymerization of the 
pyrrole monomer. The removal efficiency of Cr(VI) was very high, reaching 100% 
with a 200 mg/L Cr(VI) solution at pH 2. The team also proposed that the main 
mechanism in Cr(VI) adsorption is the reduction and ion exchange on the PPy/
Fe3O4 nanocomposite surface. The adsorbent also showed the ability to reuse after 
two cycles of adsorption-desorption with almost no reduction in the adsorption 
capacity. The research group of Wang et al. [58] have synthesized a tertiary magnetic 
nanocomposite consisting of reduced graphene oxide (rGO), polypyrrole (PPy), and 
Fe3O4 nanoparticles (PPy-Fe3O4/rGO) for Cr(VI) removal application. The material’s 
magnetism has been evaluated, showing a significant reduction in saturation magne-
tization value compared with Fe3O4/rGO. The Cr(VI) removal efficiency increased 
significantly after the Fe3O4/rGO nanocomposite was modified with PPy by an in 
situ polymerization. The results of surveying the influence of foreign ions showed 
that cations such as Na+, K+, Ca2+, and anions such as Cl−, and NO3− hardly affect the 
removal efficiency of Cr(VI). However, the presence of SO4

2− anion inhibited Cr(VI) 
adsorption.

3.1.3 Simultaneous removal of multiple other heavy metals

In addition to chromium and arsenic, magnetic nanomaterials have been studied 
for the simultaneous removal of many other heavy metals. This aspect of research is 
interesting and has significant practical implications. Because, in practice, wastewater 
cannot exist as a single metal cation, they are always a complex mixture. The studies 
also tested the effects of impurities, including other metal ions commonly found in 
water sources such as Na+, Ca2+, Mg2+ cations, or anions such as Cl−, SO4

2−, CO3
2−. 

Several studies have also conducted surveys to evaluate the effect of organic species 
on the removal efficiency of heavy metals.

Liu et al. [59] synthesized humic acid (HA) coated Fe3O4 nanoparticles by co-pre-
cipitation method to remove some heavy metal ions such as Hg(II), Cd(II), Cu (II). 
The results show that the Fe3O4/HA material system is nano-sized with a Fe3O4 core of 
approximately 10 nm. In solution, they form particles with hydrodynamic sizes up to 
140 nm. Their magnetic saturation is relatively high with 79.6 emu g−1, which makes 
them easily recovered by an external magnetic field in a short time. The tests also 
show that Fe3O4/HA has high stability in tap water, natural water, and acidic envi-
ronments from 0.1 M HCl to alkaline 2 M NaOH with low leaching (Fe ≤ 3.7%; HA 
≤5.3%). The removal efficiency of heavy metals of Fe3O4/HA material system com-
pared to Fe3O4 in other publications has been significantly enhanced. Specifically, the 
removal efficiency is up to over 99% for Hg(II) and Pb(II) and over 95% for Cu(II) 
and Cd(II) in tap water at optimum pH. The desorption of these metals to an aqueous 
medium is not significant. This shows the ideal potential of the Fe3O4/HA material 
system in treating polluted heavy metals in water sources. In another study, Ge et 
al. [60] synthesized Fe3O4 nanoparticles by co-precipitation method that followed 
functionalizing surface with a 3-aminopropyltriethoxysilane (APS) agent and then 
attaching a copolymer of acrylic acid and crotonic acid (AA-co-CA)tail. The mate-
rial has a uniform size of 15–20 nm, saturation from 52 emu g−1−, and slightly lower 
with Fe3O4 of 79.67 emu g−1. Fe3O4@APS@AA-co-CA is used to remove heavy metal 
ions (Cd2+, Zn2+, Pb2+, and Cu2+) from an aqueous solution. Experimental results 
show that the synthesized adsorbent is highly effective with Pb2+ and Cu2+ ions. Their 
adsorption capacity reaches 166.1 mg g−1 and 126.9 mg g−1, respectively. For Cd2+ and 
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Zn2+, the adsorption capacity was lower, 29.6 mg g−1 and 43.4 mg g−1, respectively. The 
limitation of this study is that the method and conditions for the adsorbent regenera-
tion have not been specified. However, the authors have stated that a pH lower than 
two causes this material to be inactive.

The iron oxide nanomaterial facilitates quick and easy recovery of the adsorbent. 
However, they have the disadvantage that the chemical activity is quite sensitive. Iron 
oxides are easily dissolved in an acidic environment, leading to ineffective pollutant 
removal. Therefore, when using ferromagnetic as a pollutant treatment agent, it is 
necessary to take accompanying measures to enhance the durability and stability 
of this material. Especially in the heavy metal elution situation, regeneration of the 
adsorbent is usually carried out in an acidic medium. A core-shell structure magnetic 
nanomaterial Fe3O4@SiO2-NH2 was synthesized by Wang et al. [61]. The layer of 
SiO2 with acid resistance is used as a protective shell for Fe3O4 ferromagnetic cores. 
In addition, SiO2 rich in hydroxyl groups on the surface also helps to facilitate the 
functionalization of organic agents. The obtained Fe3O4@SiO2-NH2 had a specific 
surface area 216.2 m2 g−1, average size 18.4 nm. This material has high stability in an 
acidic environment. The solubility of Fe in 1 M HCl solution after 24 h is only 1.57%, 
much lower than 90.7% of bare Fe3O4. The adsorption capacity, affinity for heavy 
metal cations including Cu(II), Pb(II), and Cd(II), as well as the influence of pH, 
and foreign electrolytes, were evaluated. The results show that this material has good 
strength, high selectivity, and the ability to regenerate by acid agent (1 mol/L HCl 
acid solution) are all very effective. In particular, experiments show that after adsorp-
tion of energetic metals, Fe3O4@SiO2-NH2 is easily recovered quickly by an external 
magnetic field.

Some organic species that have the advantage of complexing with heavy metal 
ions are also used to modify the surface of nanoparticles with the expectation of high 
efficiency in heavy metal removal. Among them attracting much attention from 
researchers is ethylene diamine tetraacetic acid (EDTA). Liu et al. [62] synthesized 
core-shell magnetic nanomaterials based on Fe3O4, and the surface of the SiO2 shell 
was directly modified with EDTA with the ratio of Fe3O4:SiO2:EDTA components 
instead. in which the ratio of these components 2:5:1 gives the best adsorption capac-
ity. Some characteristics of this material include a specific surface area of 24.07 m2 g−1, 
an average pore size of 15.40 nm, a total pore volume of 0.09 cm3 g−1, and saturation 
magnetization from 34.49 emu g−1. Evaluating the effects of other metal cations such 
as K+, Na+, Mg2+, and natural organic matter (NOM) such as humic acid and sodium 
alginate had proved that the Fe3O4@SiO2-EDTA material had high selectivity for 
heavy metals such as Pb(II) and Cu(II). In another study, Ren et al. used EDTA as an 
affinity enhancer for heavy metal ions [63]. Accordingly, the magnetic nanostructure 
with core-shell structure Fe3O4-SiO2 was surface modified with chitosan before being 
added with EDTA tail. The descriptive results show that the magnetic adsorbent has 
a size from 200 to 400 nm, and specific surface area, pore diameter, and pore volume 
are 1.04 m2 g−1, 8.28 nm, and 2.2 × 10−3 cm3 g−1, respectively. The acid stability of the 
synthesized adsorbent was significantly enhanced after surface modification with 
chitosan and EDTA. Specifically, after soaking for 12 hours in 1 M HCl solution, 
the solubility of Fe3O4 of SiO2/Fe3O4, functionalized chitosan SiO2/Fe3O4 (CMS), 
and EDTA-modified CMS (EDCMS) were 1.28%, 1.02%, and 0.77%, respectively. 
The saturation magnetization of the materials after the modification steps of Fe3O4 
microspheres, SiO2/Fe3O4 microspheres, CMS and EDCMS are 69.0, 56.3, 20.7, and 
18.2 emu g−1, respectively. There is a decrease in magnetic saturation after each step 
of material modification. This phenomenon is also explained similarly to the previous 
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studies, as the mass content of magnetic Fe3O4 decreases with each addition of other 
agents. Although the magnetic saturation is reduced, they are still large enough to 
facilitate the separation of the nano adsorbents from the aqueous medium quickly 
and easily by the external magnetic field. The results of the heavy metal adsorp-
tion test showed that the nano adsorbents particles whose surfaces were modified 
by EDTA gave the adsorption capacity for Cu(II), Pb(II), and Cd(II) 0.699, 0.596, 
0.563 mmol g−1, respectively. While for undenatured chitosan SiO2-Fe3O4 (CMS) 
nanoparticles, these values are only 0.495, 0.045, 0.040 mmol g−1. This enhancement 
is attributed to the presence of EDTA, which provides ease of complexation of metal 
ions. Zhang et al. [64] synthesized magnetic nanomaterials for mercury adsorption in 
the aqueous medium. Accordingly, the Fe3O4 magnetic cores are surrounded by SiO2 
shells and attached to thiol (∙SH) bridges on their surface. This design is built based 
on Pearson’s acid-base theory [65], in which mercury belongs to the group of soft 
acids, meaning that they quickly form strong bonds with soft Lewis base groups such 
as ∙CN, ∙RS, ∙SH. The results show that the Fe3O4@SiO2-SH material is nanoscale, 
with an average diameter of about 10 nm despite having a large size dispersion. 
Magnetic redundancy and reluctance are almost zero. Magnetic saturation is relatively 
high, 55.05, 25.45, and 20.47 emu g−1 correspond to Fe3O4, Fe3O4@SiO2, and Fe3O4@
SiO2-SH. The study on mercury adsorption capacity showed that this material has 
a large adsorption capacity with mercury, even under changing pH of the solution. 
Especially under low pH conditions, with competitive adsorption of H+ and other 
cations such as K+, Na+, and Ca2+, the mercury adsorption capacity remained at a high 
level, 110 mg g−1.

3.2 Degradation of organic pollutants

Organic pollutants are toxic organic compounds that cause human health prob-
lems and diseases when residues exceed permissible limits. Industrial products such 
as detergents, organic solvents, dyes, pesticides, or some organic pollutants, which 
are biochemical products of bacteria, fungi, and mainly algae secreted, etc., are 
toxic and carcinogenic. They can exist in different forms in environments where 
typical physicochemical or biological techniques have become ineffective in remov-
ing them [66, 67].

Magnetic adsorbents are usually designed in a core-shell structure. Magnetite 
nanoparticles will have a core of magnetic material and a shell that adsorbs and 
treats pollutants outside. Zhang and Kong [68] have synthesized Fe3O4/C magnetic 
adsorbent in which the carbon (C) adsorbent layer is covered on the surface of the 
magnetic nanoparticle. The synthesized nanoparticles, which have an average diam-
eter of about 250 nm, are good dispersion in aqueous media and are quickly and easily 
separated by external magnetic fields. The adsorption efficiency was tested with 
MB and CR pollutants. The adsorption capacity of Fe3O4/C for these pollutants was 
44.38 mg g−1 and 11.22 mg g−1, respectively.

Microcystins (MCs) are a class of toxins produced by certain species of freshwater 
cyanobacteria, commonly known as blue-green algae. There are more than 50 dif-
ferent compounds belonging to this group. They are disocyclic heptapeptides with a 
molecular weight of about 1000 Da, such as MC-RR, MC-YR, and MC-LR. Among 
them, MC-LR is the most popular. Microcystin belongs to a group of toxins that are 
very dangerous to humans, livestock, and pets if ingested [69]. In order to remove 
them from water, methods such as coagulation and mechanical filtration can be used, 
but only the insoluble particles are removed. For dissolved poisons, activated carbon 
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can be used, but effective removal of MC requires a large amount of activated carbon 
adsorbent. With chemicals for chlorination or ozonation, there are similar limitations. 
In addition, using these methods carries the risk of creating secondary toxic products 
[70]. Deng et al. [71] synthesized mesoporous microspheres, sandwich structures of 
approximately 500 nm in size, to treat this type of organic poison. In this study, the 
core-shell structure Fe3O4@SiO2 was fabricated by the sol-gel method. The porous 
structure of the shell is formed by a composite layer of cetyltrimethylammonium bro-
mide (CTAB) and silica after the removal of CTAB by acetone extraction. As a result, 
this porous shell has a uniform diameter, about 70 nm thick. The authors also proved 
that these porous capillaries have a direction perpendicular to the material’s surface. 
The pore size is about 2.3 nm, the specific surface area is 365 m2 g−1, and the total pore 
volume is 0.29 cm3. g−1, magnetic saturation is 53.3 emu g−1. MC treatment results 
show that with a relatively low dose, about 0.05 mg μg−1, the adsorbent can remove 
MCs in solution, and the removal efficiency is more than 95%. After extraction with 
acetonitrile/water mixture regenerates, the adsorbent can be reused with MC removal 
efficiency above 90% after eight cycles of use. This result shows that the magnetic 
material synthesized by the research team has very high efficiency in removing toxic 
MCs, convenient recovery and regeneration, can be reused many times, and is effec-
tive in economic and technical aspects.

Recently, photocatalysis technology has received significant attention for treating 
polluted organic compounds. Photocatalysis uses the excitation energy from sunlight 
to decomposing organic compounds into harmless products of CO2 and water or other 
particles along the water flow. Their advantages are that they do not use additional 
treatment chemicals, do not generate secondary pollution products, and the toxic 
organic compounds are always decomposed on the catalyst surface without having 
to be recovered for treatment at another step [72, 73]. However, like in heavy metal 
treatment, the catalyst material must also be recovered to avoid environmental 
emissions. Therefore, synthesizing materials with both photocatalytic activity and 
magnetism to facilitate recovery and treatment has attracted significant attention 
from researchers.

In a publication by Chi et al. [74], the research team synthesized magnetic nano-
materials dopped by active silver metal centers, which are catalysts for 4-nitrophenol 
(4-AP) treatment. With the help of polyvinylpyrrolidone (PVP) as a reducing agent 
and stabilizing agent, the synthesized Fe3O4@SiO2-Ag composite material has a 
spherical shape, a core size of about 200 nm, and a SiO2 shell. The average thick-
ness is about 35 nm, and the size of Ag NPs is controlled at about 3.65 nm and is 
evenly distributed on the Fe3O4@SiO2 background. The magnetism of the materials 
is not significantly reduced compared to the magnetic core, whereby the magnetic 
saturation of Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2-Ag is 78.5, 66.4, and 63.8 emu g−1, 
respectively. The treatment efficiency of 4-AP is excellent. The rate constant of this 
compound degradation is higher than that of some Ag catalysts carried on other 
substrates published previously. The catalytic activity of the material was also main-
tained stably after eight treatment cycles. The 4-AP conversion still reached over 99%. 
After that, a decrease in activity was initiated, but this was negligible.

Titanium oxide is considered one of the materials that was attracting much atten-
tion in its use as photocatalysts in treating organic pollutants. It has high chemical 
and biological inertness and solid oxidizing force. The main disadvantage of these 
metal oxides is that they have a reasonably wide band gap, about 3.2 eV, which means 
that their excitation energy must be ultraviolet radiation, not radiation in the vis-
ible region. In addition, poor recovery efficiency is also one of the limitations of this 
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material. Many studies used magnetic metals/metal oxides integrated with TiO2 to 
facilitate the recovery of this material after treatment. Mortazavi-Derazkola et al. 
[75] synthesized a core-shell magnetic photocatalyst Fe3O4@SiO2@TiO2@Ho to treat 
rhodamine B and methyl orange dyes under UV radiation conditions. This catalyst 
material is synthesized from the magnetic core Fe3O4 covered by the SiO2 shell. This 
SiO2 shell, which protects the Fe3O4 core from acid attacks, is also used to add silane 
coupling agents to facilitate the deposition of TiO2 on the surface. Holmium (Ho) 
is doped onto the surface of the adsorbent, which acts as electron traps to separate 
the electron-hole by creating local electric fields. The descriptive results show that 
the particle size of Fe3O4@SiO2@TiO2@Ho is about 52 nm, the outermost Ho shell is 
about 3 nm thick, and the TiO2 NPs layer is 3.5 nm thick. Their saturation magnetism 
decreased quite deeply after coating many outer shells of the Fe3O4 magnetic core. 
Specifically, the saturation magnetization decreased from 57.42 to 24.5 emu g−1 when 
coated with SiO2. This value decreased to 15.9 and 6.2 emu g−1 when TiO2 and Ho 
were coated, respectively. Although the saturation magnetization is relatively low, 
they are still sufficient to separate the adsorbent from the aqueous solution by an 
external magnetic field. Testing the ability to handle pollutant compounds rhodamine 
B and methyl orange showed that under dark conditions, without UV irradiation, 
this material only adsorbs up to 4% of organic pollutants in the water solution. 
Meanwhile, with an irradiation time of more than 2 h, the decomposition efficiency 
of Rhodamine B and Methyl Orange was 92.1% and 78.4%. In particular, this type 
of catalyst is readily regenerated by washing with clean water and ethanol and used 
again after being recovered by an external magnetic field. After each cycle of use, the 
catalytic activity and the degree of conversion decreased very little. This stable shows 
a great potential application of this material in treating organic dyes that pollute 
water sources. Zinc oxide (ZnO) is a semiconductor with unique properties such as a 
stable hexagonal wurtzite structure and a wide band gap of 3.37 eV, which is the large 
binding energy of 60 meV at room temperature. Hence, ZnO possesses some unique 
abilities, such as bactericidal properties and photocatalytic activity [76, 77]. Studies 
on the ability in water treatment, photocatalytic activity, the influence of factors 
such as dopped element, synthesis method, particle size, etc. were published [78–81]. 
However, in order to lead to a possible practical application, magnetic nanomaterials 
based on ZnO have been thought of as a means of increasing the ability to recover 
and reuse this potential material. The Fe-Zn binary oxide material was synthesized 
by Kumar et al. [82]. The optical, magnetic, and photocatalytic properties and the 
influence of Fe-doped content in methylene blue (MB) dye treatment were evaluated. 
The survey results show that Fe-Zn binary oxide has enhanced photocatalytic perfor-
mance compared to simple ZnO under UV radiation and sunlight. The magnetism of 
this material was found to be dependent on the Fe dose. Similar material was studied 
by Falak et al. but with a specific and more Fe content [83]. A magnetic ZnO-ZnFe2O4 
binary composite was created by the research team. The catalytic activity of this 
composite was also studied on MB. The results show more than 40% of their catalytic 
activity compared to ZnO nanoparticles. In addition, the magnetization saturation 
value of ZnO-ZnF2O4 was about 5.8 emu/g, which is high enough that they can be 
collected by applying an external magnetic field. In another study, Boutra et al. [84] 
synthesized a nanocomposite photocatalyst from ZnO, manganese ferrite (MnFe2O4), 
and tannic acid (TA) by hydrothermal method. The photocatalytic activity was evalu-
ated through its ability to decompose Cong Red (CR) under visible light irradiation. 
The results showed that CR decomposition efficiency reached 84.2%, higher than 
simple ZnO. The catalyst is easily separated and reused without even washing, drying, 
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or any other technique to remove CR. The performance after the fifth reuse remains 
high, up to 77.5%. Dlugosz et al. [85] synthesized Fe3O4/ZnO magnetite nanoparticles 
and tested their photocatalytic activity on series of organic dyes, including MB, MO, 
Quinoline Yellow, Eriochromic Black T(EBT), and Trypani Blue (TB). The synthetic 
magnetic nanomaterial is 30% Fe3O4 by mass, with saturation magnetization of 
about 9.5 emu/g. The recovery of Fe3O4/ZnO reached 83.91%, slightly lower than 
Fe3O4 (94.80%). Notably, the catalytic activity of this material was found to increase 
with the molecular weight of the dye. Specifically, the photodegradation efficiency 
of Fe3O4/ZnO reached 76.90% for TB (872.9 g/mol), 63.02% for EBT (461.4 g/mol) 
and 13.23% for MB (319.9 g/mol). We have studies the synthesis of (polyethylene 
glycol)–Fe3O4/ZnO material [86]. The main objective of this study is the preparation 
of a PEG (polyethylene glycol)–Fe3O4/ZnO magnetic nanocomposite using a green 
sonochemical synthesis method with rambutan peel extract as a stabilizing agent for 
photocatalytic methylene blue degradation. The result showed the size of nanocom-
posite was 20–30 nm and had the band gap ennergy of 2.58 eV. Measurements of the 
degradation efficiency of the photocatalyst showed that the photocatalytic degrada-
tion of methylene blue follows pseudo-first order kinetics with good correlation and 
linear regression coefficient. This study found that the maximum degradation of the 
methylene blue dye was approximately 96%, with pH = 4.0, a PEG–Fe3O4/ZnO con-
centration of 1.0 g L−1, a methylene blue concentration of 200 mg L−1, and a time of 
90 min. In the dark, the Langmuir adsorption constant and the maximum adsorbable 
methylene blue quantity were calculated as KL = 0.0451 L mg−1 (and KL = 11.275KLH) 
and Qmax = 21.05 mg g−1. This study concludes that for the Fe3O4/ZnO magnetic nano-
composite, the adsorption process supports catalytic methylene blue degradation, 
reducing the decomposition time, increasing the efficiency of the catalytic process, 
and increasing the sample recovery due to the magnetic properties of the material.

From these research results, integrating ferromagnetic oxide nanoparticles into 
ZnO will yield a new magnetic material. The degree of magnetism will usually 
depend on the Fe3O4 content in the material. Therefore, in practice, if the material 
must achieve certain levels of magnetism in order to facilitate a particular separation 
requirement, consideration should be given to adjusting the mass ratio of this compo-
nent in the material. In addition, in the presence of Fe3O4, the photocatalytic activity 
of the material increases quite significantly.

4. Conclusion and outlook

It can be seen from the summarized statements that using “green” agents to 
fabricate materials is a possible route. However, many studies have shown that the 
efficiency in both the reaction yield and the properties of the obtained MNPs is very 
impressive, the plant source is immense, and scientists still need to do more research 
to improve the effectiveness and activity of MNPs products.

The results show that integrating a sufficiently large amount of Fe3O4 will make 
the composites magnetic enough to separate them from the aqueous solution by an 
external magnetic field. This characteristic is significant, overcoming the inherent 
disadvantage of nanomaterials which disperse too well to be challenging to recover. 
Since then, this defect has been resolved smoothly. Recent studies have also consid-
ered the applicable conditions closer to reality when the effects of cations, anions, 
and natural organic matter (NOM) are thoroughly investigated and evaluated. In 
addition, with many contaminants such as arsenic, and several organic pollutants, 
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ferromagnetic oxide not only acts as a recovery aid but also enhances the treatment 
efficiency thanks to its unique properties. The summarized research results also show 
an excellent combination between a magnetic metal oxide and a semiconductor metal 
oxide, which plays a crucial catalytic role in the photodegradation of pollutant com-
pounds, especially organic pollutants. Some studies have shown the mechanism of 
the entire treatment process, including the adsorption of pollutants on the material’s 
surface and the photodegradation reaction taking place at the catalytic sites under the 
catalysis activation of UV radiation or visible light.

5. Conclusion

In this chapter, a small portion of the space is devoted to reviewing green methods 
using plant-based agents to prepare MNPs.

The rest of the chapter is devoted to generalizing the results of research on syn-
thesizing magnetic nanomaterials, mainly ferromagnetic oxides, to remove pollutants 
such as heavy metals, toxic substances, etc. organic pollution.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 8

Nanomaterials of Carbon and Metal
Sulfides in Photocatalysis
Ana Cristina Estrada, Joana Lúcia Lopes and Tito Trindade

Abstract

Heterogeneous semiconductor photocatalysis has received much interest
because of its applications in important global energy and environmental challenges in
a cost-effective sustainable way. The photocatalytic efficiency of semiconductor
photocatalysts under solar irradiation has been pointed out by difficulties associated
with low visible-light absorption range, fast recombination of photogenerated
carriers, and low chemical stability in operational conditions. Graphitic materials
have attracted great interest due to properties, such as high surface area,
mechanical strength, and photochemical stability. Thus, their combination with
metal sulfides, has been explored as promising strategies to produce new
photocatalysts. These nanocomposites show great potential in photodegradation of
contaminants of emerging concern (CEC), which might be detected in water
sources, such as traces of Pharmaceutics and pesticides. Here, we briefly review
fundamental principles photocatalysis in general, with the focus on the use of
carbon-nanomaterials of distinct structural dimensionalities associated with nano-
crystalline metal sulfides, envisaging their application as heterogeneous
photocatalysts for water remediation. Key aspects concerning the photocatalyst prop-
erties, such as light absorption, charge separation and transfer, and stability, are also
approached. Graphene and graphene derivatives have demonstrated great potential
for increasing photogenerated charge-carrier separation and migration efficiency, as
well as in extending the light absorption range and adsorption capacity.

Keywords: metal sulfide, carbon nanomaterials, photocatalysis, water treatment

1. Introduction

Photocatalyst is a term that combines two words—photo, which is related to light,
and catalyst, which is a compound that does not change the thermodynamics of the
reaction but changes its kinetics, by establishing new reaction routes with lower
activation energy, without being consumed during the process. Hence, semiconduct-
ing photocatalysis involves chemical reactions that occur at the surfaces of certain
semiconductor compounds when irradiated with light of a selected wavelength range.
Typically, these reactions occur in a liquid medium using the photocatalyst in the solid
state, thus the chemical process is generally termed heterogeneous photocatalysis. In
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this work, the semiconductor photocatalyst is considered as part of a colloid or sus-
pension, though this has not been always the case. For instance, thin films have been
also applied namely for air purification. Examples of heterogeneous photocatalytic
processes using semiconductor particles include photooxidation reactions, which have
been exploited for the degradation of organic pollutants present in water [1–5]. Com-
pared to more conventional water treatment methods, such as those based on adsorp-
tion and flocculation, which might require a subsequent step for the chemical
degradation of the pollutant, in photocatalysis the pollutant is eliminated by aerobic
photooxidation. Ideally, this oxidative process should generate carbon dioxide and
water as the final products, that is, the complete mineralization of the organic pollut-
ant, though this has been rarely achieved. As such, different remediation technologies
can coexist in the same water treatment plant and, in several situations, their comple-
mentary role brings more efficient approaches. For example, adsorption and
photocatalytic technologies can be implemented in different stages in the same water
treatment plant. Even though, advanced oxidation processes based on the use of
efficient photocatalysts have been regarded as a way to minimize the impact of CEC in
water sources, which even in trace levels are harmful and for which conventional
water treatments are ineffective.

Two main optical processes have been proposed considering the role of the semi-
conductor during a photocatalytic reaction, as illustrated in Figure 1 for TiO2

photocatalysts. In direct photocatalysis, a photon with energy higher than the band
gap energy of the semiconductor (hν1) is absorbed and an electron (e�) is excited to
the conduction band (CB), leaving a hole (h+) in the valence band (VB). The band gap
energy of the semiconductor is defined as the difference between the CB (bottom
energy level) and the VB (top energy level). The photogenerated electron–hole pair
(e�/�h+) is responsible for reduction and oxidation reactions that take place at the
surface of the photocatalyst particle in contact with the aqueous medium. The electron
in the CB migrates to the surface of the semiconductor and participates in reduction
reactions, and the hole in the VB diffuses to the photocatalyst surface and is involved
in oxidation reactions. In addition, the dissolved O2 can accept photogenerated elec-
trons to yield superoxide radicals (O��

2 ) and photogenerated holes can oxidize H2O to
form strong oxidant hydroxyl radicals (HO•) (Eqs. (1) and (2)) [6, 7].

e�CB þ O2 ! O•�
2 (1)

hþVB þH2O ! HO• þHþ (2)

Figure 1.
The schematic representation of the direct (hυ1) and indirect (hυ2) photochemical processes occurring in light-
irradiated TiO2 nanoparticles, commonly used as photocatalysts in the form of aqueous colloids. Adapted from [6].
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On the other hand, in indirect photocatalysis, also known as photosensitized
photocatalysis, the mechanism involves the photoexcitation (hν2) of a second species
(P) to an excited state from which an electron is injected into the CB of the semicon-
ductor. This process has been observed in the degradation of contaminant organic
dyes, which can also act as photosensitizers for cases in which the reduction potential
of the excited state is negative enough for electron injection into the CB of the
semiconductor [7]. In indirect photocatalysis, there is no generation of a VB hole and
the semiconductor functions as an electron relay, thereby preventing undesired back
reactions [7]. Nevertheless, this process is usually less efficient than direct
photocatalysis due to the lower efficiency of the electron injection. Both direct and
indirect photocatalysis convert the initially generated superoxide radicals into other
reactive oxygen species with high oxidative power (Eqs. (3)-(7)), for example, with
reduction potentials of 0.94 V (O•�

2 =H2O2), 1.29 V (H2O2=H2O) and 1.90 V
(HO•=HO�) [6, 8]. Although such radicals are nonselective, they are effective in
oxidizing organic contaminants, such as dye molecules [9–15], antibiotics [16–20], or
pesticides [21–25], as well as for other sanitation applications, such as the elimination
of pathogens [26–32].

O•�
2 þHþ ! HO•

2 (3)

HO•
2 þHO•

2 ! H2O2 þ O2 (4)

O•�
2 þHO•

2 ! O2 þHO�
2 (5)

HO�
2 þHþ ! H2O2 (6)

H2O2 þ O•�
2 ! HO• þHO� þ O2 (7)

In semiconductor photocatalysis, several fundamental aspects should be consid-
ered to develop the photocatalyst based on functional and operational criteria. Hence,
light absorption (absorption coefficient and wavelength range), photoinduced charge
separation, charge trapping, and charge transfer are among the key parameters for
designing efficient photocatalytic systems [33, 34]. For instance, photogenerated
electrons are unstable species in an excited state, which tend naturally to return to the
ground state either via adsorbed hydroxyl radicals or by recombination with
unreacted holes or structural traps on semiconductors [35–38]. Since these species are
determinants in the efficiency of a photocatalyst, several research groups have
explored strategies to increase the photoinduced charge separation to avoid charge
recombination and consequently increase the lifetime of photogenerated electron/hole
pairs. These strategies include (i) coupling of semiconductor photocatalysts with
metal nanoparticles [39–41]; (ii) sensitization of the photocatalyst surface through
physical or chemical adsorption of molecules that absorb visible light and are excited
either to the singlet or triplet excited state [42] and; (iii) coupling of at least two
semiconductor photocatalysts with different bandgap values [43, 44]. The presence of
charge trapping sites in a semiconductor photocatalyst allows also the extension of the
lifetime of the charge carriers from microseconds to milliseconds since in these sites
there is greater charge-carrier stability. Although such trap sites are mostly located at
the surface of a semiconductor photocatalyst, they may be present also on grain
boundaries or in the bulk lattice, or even present as electron scavengers, such as O2.
On the other hand, deeply stabilized trapped charges lose redox potential and increase
the potential barrier for charge transfer at the semiconductor or water interface [45].

113

Nanomaterials of Carbon and Metal Sulfides in Photocatalysis
DOI: http://dx.doi.org/10.5772/intechopen.109658



Thus, electron transfer reaction depends largely on structural parameters ascribed to
the semiconductor photocatalyst, such as crystal facet structure, lattice surface, size,
and morphology. Trapping mechanisms might be favorable if they allow photon
activity to generate charge carriers, and permit charge carriers to reach the electron
transfer regions. Otherwise, it could be disadvantageous for the overall photocatalytic
process.

Several strategies have been proposed to adjust the physical and chemical
properties of semiconductor photocatalysts to improve light absorption and
charge transfer efficiency, reduce the recombination rate of photogenerated
charge carriers, and accelerate surface reactions [46]. Examples of such strategies
include metal-ion doping of the semiconductor [39–41], combination with
distinct semiconductors that result in heterostructures [43, 44], and surface
chemical functionalization using selected photosensitizers [42]. Noteworthy, the
combination of inorganic semiconductors with carbonaceous materials, such as
graphene and their structural derivatives, has also received great attention in the
design of a new class of nanocomposite photocatalysts [47, 48]. The use of carbon
nanostructures for supported semiconductor photocatalysts offers great advantages.
Hence, depending on the carbon material, high electrically conductive
nanostructures can act as scavengers of photogenerated electrons. Also, water-
compatible nanomaterials promote the aqueous dispersion of the photocatalyst, which
by achieving a high specific surface area enhances the adsorption capacity of the
system [48]. Furthermore, surface functionalization of the carbon lattice confers
functional chemical groups that might favor the subsequent attachment of semicon-
ductor nanophases. A paradigmatic example of this situation is the application of
graphene oxide as a nanoplatform for semiconductor photocatalysts, and notwith-
standing limitations that can also arise such as photoreduction of the carbon substrate
or the limited absorption by the photocatalyst [49–51].

2. Metal-sulfide photocatalysts

In general terms, a good photocatalyst should have the following characteristics:
effective charge-carrier separation, fast charge transfer, strong optical absorption,
photochemical stability, low-cost production, and nontoxicity [52]. Among the several
types of photocatalysts available, inorganic semiconductors have been intensely
investigated in water remediation processes because they might fulfill, at least in
selected cases, the above requirements. Inorganic materials considered as semicon-
ductors exhibit bandgap energies in the range of 0.3–3.8 eV. In particular, TiO2 and
TiO2-based heterogeneous photocatalysts have been the most explored semiconductor
materials for photocatalytic applications because of the high free energy of
photogenerated charge carriers, low-cost, and high chemical stability [53, 54].
However, both TiO2 polymorphs (anatase/rutile) show a wide bandgap (anatase
3.2 eV; rutile 3.0 eV), which limits photocatalytic applications of pure TiO2 to UV
irradiated systems. Other semiconductor photocatalysts exhibiting narrower
bandgaps have been investigated, which can replace TiO2 in certain conditions or that
might act as a complementary phase in extending light absorption to the visible
composite systems. Among these semiconductors, this chapter focus on the use of
binary metal-sulfide compounds, with emphasis on their nanocrystalline forms.
Table 1 shows examples of metal sulfides investigated as photocatalysts and selected
properties for the pure phases.
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A macrocrystalline metal sulfide (MS) semiconductor comprises a three-
dimensional network of ordered atoms (metal and S atoms) characterized by a band
gap energy at a certain temperature. As particle size decreases, and below a certain
threshold, the electronic band structure of the semiconductor changes with the wid-
ening of the bandgap energy [55, 56]. For semiconductor nanoclusters, that is
molecular-like nanocrystals depicted on the right in Figure 2, an analogous interpre-
tation applies, although the energy gap is usually understood as the energy separation
between the frontier molecular orbitals HOMO (highest occupied molecular orbital)
and LUMO (lowest unoccupied molecular orbital). Thus, as in the case of conven-
tional photosemiconductors, the incidence of a photon with energy greater than this
energetic separation originates in semiconductor nanocrystals (and nanoclusters) the
formation of an electron–hole pair, often called exciton, which in the macrocrystalline
material is dimensionally characterized by the Bohr exciton radius of that

Metal sulfide Bandgap energy (eV)* Structure

ZnS 3.6 Cubic, Hexagonal

CdS 2.4 Cubic; Hexagonal

CuS 2.4 Hexagonal

Ag2S 1.0 Monoclinic

Bi2S3 1.4 Orthorhombic

Table 1.
Characteristics of macrocrystalline metal sulfides as photocatalysts in an aqueous medium [44].

Figure 2.
The scheme illustrates the widening of the bandgap energy of a certain semiconductor material, as particle size
decreases from its macrocrystalline form (left) to the nanocluster regime (right). Quantum dots are nanocrystalline
semiconductors (middle) that show quantum-size effects, corresponding to the intermediate situation between
macrocrystalline materials and nanoclusters.
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semiconductor. The charge carriers in nanosized semiconductors migrate fast and
participate in several photoprocesses, which include trapping and recombination
[57, 58].

Metal sulfides can be explored in the macrocrystalline form as photocatalysts, for
example, in aqueous suspensions, membranes, and thin films [59–61]. However, in
the past decades, there has been intense research on their use as nanocrystalline
materials, namely due to the possibility to explore quantum-size effects, as mentioned
above. MS semiconductor nanocrystals (quantum dots) are small crystalline particles
that exhibit quantum size-dependent optical and electronic properties [62, 63]. With
typical dimensions in the range of 1–100 nm, these nanocrystals bridge the gap
between those of molecules and micrometric crystals, displaying distinct optical
behavior in relation to their bulk counterparts [64]. If the size of nanocrystals is
smaller than the bulk exciton Bohr radius, the charge carriers become spatially con-
fined, showing size-dependent absorption and fluorescence spectra with discrete
electronic transitions at room temperature (Figure 2).

For instance, the optical spectra of colloids of nanocrystalline semiconductors
show blue shifts in their absorption edges (or excitonic peaks) with decreasing particle
diameters. Metal-sulfide nanocrystals that exhibit quantum size effects, that is, quan-
tum dots, can be used as size-tuned light-absorption photosensitizers, namely in
visible photocatalytic applications [44, 65–67]. Quantum size effects occurring in MS
nanocrystals dispersed in aqueous suspensions, also affect the CB and VB redox levels,
thus influencing redox reactions that involve the migration of photogenerated charge
carriers to the particles’ surfaces. Nanosized semiconductors have dimensions consid-
erably superior to conventional molecular photosensitizers, which in comparison to
the latter, present a broader absorption wavelength range, large density of states, and
high optical extinction coefficients [62], hence favoring photon harvesting in
photocatalytic applications.

Colloidal synthesis offers a wide range of chemical methods to obtain MS
nanocrystals with controlled particle size distributions and particle shapes, thus with
tailored bandgaps for diverse semiconductors and their solid solutions [68–71]. Fur-
thermore, such colloids can be selected as nanodispersed systems showing strong
visible-light absorption and size-tuned bandgap. However, these systems also show
limitations, which deserve further research aiming their application as more efficient
photocatalysts. Although certain MS is used as visible-light photocatalysts, the
photogenerated electron–hole pairs are also susceptible to recombination. The occur-
rence of charge-carrier recombination limits their mobility from the bulk lattice to the
particles’ surface, thus decreasing the efficiency of the photocatalyst. Moreover,
surface-sulfide anions (S2�) in aqueous MS colloids are prone to oxidation, a process
that gains more relevance due to the oxidative role of photogenerated holes at the
surface [72, 73]. In fact, under light irradiation, sulfide anions can oxidize forming
sulfate (SO4

2�) or elemental sulfur (S0), causing the deactivation of the photocatalyst.
The inhibition of metal-sulfide photocorrosion is an important requirement for

photocatalytic reactions, namely because the long lifetime of photogenerated elec-
tron–hole pairs and the chemical stability are essential for producing efficient
photocatalysts. Several strategies have been reported that tackle this problem, such as
modifying the crystal structure, size, and morphology of semiconductors [74, 75],
combining with transition metal ions or cocatalysts [76, 77], producing
heterojunctions, [78–80] and by adjusting the reaction parameters [81–83]. For
instance, Bo et al. have reported that the interfacial interaction between both semi-
conductors in the MoS2/CdS heterostructures restrains the photocorrosion of MoS2.
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The authors have shown that electrons photogenerated on the CB of CdS are trans-
ferred to the CB of MoS2 to participate in the H2 evolution reaction, while the holes on
the VB of MoS2 migrate to the VB of CdS [79]. Huang et al. have shown that the
growth of a larger bandgap semiconductor, such as ZnO, on a core with a smaller band
gap as CdS improves the stability of the hybrid nanostructure and inhibits the
photocorrosion of CdS particles [84]. In turn, Yi and Wang have found that the
photocorrosion of CdS is significantly inhibited when cobalt ions or molybdate are
injected into the CdS-lactic acid system. The photogenerated holes in the CdS are
fastly captured by the transition metal ions, reducing the oxidation of S2� on the CdS
surface [85, 86]. The coupling of metal-sulfide semiconductor photocatalysts with
inorganic substrates might bring other advantages and several approaches have been
reported [87, 88]. In this context, carbon nanomaterials have also been investigated as
functional platforms that bring new potential to the application of these materials,
including photocorrosion inhibition of the supported metal sulfides.

3. Carbon-based nanostructures

The development of heterogeneous photocatalysts by combining metal sulfides
and different carbon nanomaterials has been explored as an effective strategy to
obtain high-performance photocatalysts. Owing to delocalized electrons from the
conjugative π-system, graphitic carbon nanostructures are good at accepting and
shuttling the photogenerated electrons from semiconductor photocatalysts; hence,
effectively separating the electron–hole pairs [89–93]. For instance, Wan et al. have
shown that the synergistic influence of charge-carrier migration, advanced excited
states, and suitable Fermi levels between CdS phases and graphene leads to enhanced
photoactivity and stability [94]. Also, Lv et al. have shown that graphene attached to
semiconductors can efficiently accommodate and transport electrons from the excited
semiconductor, which not only hindered charge recombination but also improved
charge transfer, giving rise to high photocatalytic efficiency [89]. These works con-
firmed the relevant role of graphene, among the carbon-based nanomaterials, in
aqueous colloidal chemistry processes, such as heterogeneous photocatalysis. Thus, in
this chapter, graphene and its derived nanostructures are used as illustrative examples
in the fabrication of carbon-supported metal-sulfides photocatalysts.

Graphene is a 2D material formed by a one-atom-thick planar layer of sp2-hybrid-
ized carbon atoms that resemble a chicken-wire-shaped lattice, presenting outstand-
ing electronic, thermal, and mechanical properties [95]. Graphene is the basic
structural material of graphite, which result from the overstacking of graphene
monolayers via van der Waals forces, resulting in interspaced neighboring layers that
are 0.34 nm far apart [96, 97]. The carbon atoms in each graphene sheet establish
covalent bonds due to the overlapping of trigonal planar sp2 hybrid orbitals. The
overlapping of the perpendicular unhybridized pz orbitals accounts for the
formation of the VB and the CB, respectively composed of filled π orbitals and empty
π* orbitals [98].

The mechanical exfoliation of graphite creates free-standing graphene sheets, as
shown by Novoselov and Geim, who used sequential micromechanical cleavage of
graphite using the “scotch-tape method.” The authors were honored with the Nobel
Prize in Physics in 2004, 6 years later to such an important finding [98, 99]. The direct
exfoliation of bulk graphite produces layers of graphene with good quality and crys-
tallinity, low defect densities, and high conductivity, but frequently, at a low yield
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[100]. As such, graphene layers can be obtained by the chemical exfoliation of a low-
cost raw material bulk graphite, which applied together with selected chemicals pro-
duce graphene and graphene derivatives, such as GO and reduced graphene oxide
(rGO) [100–102]. Although water is a first-choice medium for the production of
graphene-based materials, the hydrophobic nature of pristine graphene sheets tends
to promote their restacking, which makes exfoliation challenging. The use of surfac-
tants during the exfoliation processes has been considered to overcome this limitation
because they allow exfoliated layers to remain suspended and avoid overstacking
[101, 103]. The success of the exfoliation processes is overcoming the van der Walls
forces by increasing the distance between the layers via chemical intercalation. Ide-
ally, to obtain good dispersion of graphene layers, the solvents should have surface
tensions of 40 mJ/m2 [97, 101, 104]. Therefore, graphene can be exfoliated by the
sonication of graphite in dimethylformamide (DMF), N-methyl-2-pyrrolidone
(NMP), pyridine, and perfluorinated compounds [98, 101, 104, 105]. For instance,
Hernandez et al. have used sonication-based exfoliation of graphite in NMP to obtain a
final material containing graphene monolayers (28%) and nanosheets less than six
atomic layers thick, almost in quantitative yield [106]. Commonly used sonication
exfoliation processes involve shear forces and cavitation mechanisms, which involve
the growth and collapse of micrometer-sized bubbles, acting on the bulk material
precursor and causing their exfoliation [97].

GO is composed of sp2 graphene layers with a high content of oxygen-containing
functional groups, such as hydroxyl, epoxy, carboxylic, and carbonyl groups [107].
The UV–visible absorption spectra of GO suspensions show an absorption peak
ascribed to π-π* electronic transitions of aromatic C-C bonds and n-π* transitions of
the oxygen-containing groups, at around 230 nm and 315 nm, respectively [108]. The
aqueous suspensions of GO are normally stable due to the hydrophilic character of
oxygen-containing groups present in the sheets’ surfaces, namely at the edges. Colloi-
dal stability is favored by the electrostatic repulsion that arises due to anionic groups
that form due to extensive proton dissociation in such functional groups, over a
certain pH range. On the other hand, the presence of out-of-planar C-O covalent
bonds increases the interlayer distance from 0.34 to 0.65 nm, therefore decreasing the
energy needed to separate the graphene layers [96, 98, 107]. The hydrophilic nature of
oxidized graphite facilitates water to be adsorbed into its lamellar structure, showing a
further increase in the interlayer distance to 1.15 nm [109]. For instance, the use of
polar solvents (e.g., ethanol, acetonitrile, and dimethyl sulfoxide) allows the prepara-
tion of stable colloids but either flocculation or aggregation occur when nonpolar
organic solvents are used as the dispersing medium [107].

Carbon nanotubes (CNT) are 1D materials formed by graphene sheets rolled
around a common axis, with diameters reaching between 0.5 and 100 nm, and lengths
extending several micrometers or even millimeters [110]. CNT can be single-
(SWCNT) or multi-walled (MWCNT) according to the number of graphene sheets
rolled-up, that is, a single sheet or more than one, respectively. SWCNTs have
diameters in the range of 1–2 nm and MWCNT show typical diameters in the range of
10–100 nm range [111]. Pristine CNT has hydrophobic nature, and their high aspect
ratio favors interparticle van de Waals forces mediated by the outer walls, which
results in a tendency for CNT aggregation [112]. Thus, non-functionalized CNT
dispersed in a liquid medium exists as large bundles, which limit handling and,
consequently, their use in many applications. Usually, mechanical disentanglement of
CNT bundles is achieved by ultrasonication of the respective dispersions in which
shear forces promote the separation of CNT but can also cut such nanostructures.
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Nevertheless, the debundling process depends on the modification of the CNT surface
by using chemical agents that enhance the compatibility of the CNT with the dispers-
ing medium. Hence, surface modifiers, such as surfactants, homopolymers, and block
copolymers, have been used to promote the dispersion of CNT in aqueous environ-
ments. In addition, surface oxidation treatments that result in the presence of carbox-
ylic, hydroxyl, and carbonyl functional groups at the end of the tubes and on their
sidewalls, also allow better dispersions of CNT in water [113].

Powder X-ray diffraction (XRD) has been used to check the crystalline structure of
graphitic materials. Bulk graphite shows a strong Bragg diffraction peak at 26.6°
corresponding to the reflection of (002) planes and associated with an interlayer
distance of 0.34 nm. The oxidation and exfoliation of graphite increase the interlayer
distance changing the peak position of the basal (002) reflection from 26.6 to 11.2°,
which corresponds to an interplanar distance of 0.79 nm, as observed for GO
materials [98].

Raman spectroscopy has been a key instrumental technique to study graphene
materials, such as the surface chemistry of GO and the existence of structural defects.
The Raman spectra of graphitic materials are typically characterized by three distinct
vibrational bands: the G-, D-, and 2D-bands. The G-band is observed around
1580 cm�1 and is ascribed to the in-plane bending mode of the sp2 hybridized carbon
atoms in graphene. In high-quality graphene, this band is very sharp, suggesting its
high crystallinity and non-defect structure. The D-band at around 1350 cm�1 has been
associated with the amount and type of defects in the carbon lattice, for example, the
existence of sp3 hybridization or due to vacancies [114]. The extension of such defects
in the carbon sheet, either at the edges or topological defects, have been monitored by
Raman measurements using such diagnosis band, namely by computing the intensity
ratio between the G- and D-bands [98, 104, 114]. In the Raman spectrum of high-
quality pristine graphene, the D-band is not observed or is very weak, but it is
observed in GO samples due to the presence of different oxygen functional groups in
the carbon sheets. Hence, the D-to-G Raman band intensity ratio provides useful
information on the nature and extension of structural defects that characterize the GO
samples [94]. The 2D band is an overtone of the D-band, resulting from a two-photon
lattice vibrational process. For true single-layer graphene, such a band occurs as a
symmetric feature below 2700 cm�1 [104, 114]. Overstacking of successive layers
results in structures of less symmetry with a Raman shift to higher wavenumbers [98].
For example, in graphite and graphite oxide materials, it is observed a broad band at
about 2800 cm�1. The features of the G and 2D bands are particularly useful in
exfoliation and surface modification laboratorial tasks because are the first indication
for distinguishing between monolayer (or few-layer) graphene and graphite-based
materials. Furthermore, it has been shown that Raman methods applied to GO modi-
fied with metal sulfides are an alternative strategy to probe the surface of
nanocomposite photocatalysts [115].

4. Application of carbon-based semiconductor nanostructures in
photocatalysis

Metal sulfides, such as the binary compounds CdS, Ag2S, Bi2S3, and CuS, have been
referenced in photocatalysis literature as efficient photon harvesters of visible-light
radiation [116]. When supported on graphitic materials, these semiconductors
improve the conductivity for electron capture and transport [51, 117–123]. There are

119

Nanomaterials of Carbon and Metal Sulfides in Photocatalysis
DOI: http://dx.doi.org/10.5772/intechopen.109658



several methods of synthesis of metal sulfides coupled to rGO and GO substrates,
which comprise solid-state, sonochemical, microwave irradiation, solvothermal,
and hydrothermal methods [113, 120, 121, 124–138]. Our research group has
developed a single-source method to prepare GO-based composites having supported
metal sulfides. The type of metal sulfide generated in situ is determined by the metal
dialkyldithiocarbamate complex employed as a single-molecule precursor, thus GO-
based nanocomposites of Ag2S, CuS, Bi2S3, and ZnS, are examples of such materials
(Figure 3) [131]. In fact, this method is an extension of the sonochemical method first
developed by Estrada et al. for decorating MWCNT, GO, and graphite with CdS
obtained from the precursor cadmium(II) diethyldithiocarbamate [113].

Although CdS presents serious drawbacks for practical applications due to its well-
known toxicity, research on CdS-based nanomaterials provide helpful insights
concerning the visible-light response and underlying mechanisms in semiconductor
photocatalysis [139]. There are a number of studies reporting visible-light active
heterostructures of CdS/rGO and CdS/GO, which were investigated as photocatalysts
for the degradation of organic dyes [124, 126, 128]. These heterostructures showed
higher photocatalytic efficiency than bare CdS and could be used for up to four cycles,
without loss of activity. For instance, Zhang et al. developed visible-light irradiated
CdS/graphene nanophotocatalysts for the photooxidation of alcohols and reduction of
Cr(VI) ions in water [140]. Multicomponent photocatalysts of TiO2/CdS/rGO have
shown higher photocatalytic activity than TiO2/rGO, for the photodegradation of
RhB, MB, and p-chlorophenol, under visible-light irradiation [141, 142]. Wang et al.
showed that nanocomposites based on heterojunctions of CdS and TiO2 nanoparticles
were efficiently supported on rGO [141]. Such heterostructures prevented CdS
photocorrosion due to the synergy that results from supporting such coupled semi-
conductor nanostructures on rGO (Figure 4). Similarly, the coupling of semicon-
ducting phases, such as TiO2 and CdS or Ag2S, improves photon harvesting and charge
separation and prevents the oxidation of the metal sulfides [142, 143].

Figure 3.
TEM images of heterostructures of graphene oxide decorated with (A) Ag2S, (B) CuS, (C) Bi2S3, and (D) ZnS.
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The semiconductor Bi2S3 absorbs in the visible and NIR spectral range and does not
pose serious toxicity concerns associated with CdS. Wang and coworkers showed that
Bi2S3 immobilized on carbon dots have higher photocatalytic efficiency than their
individual components, by investigating the degradation of MB and tetracycline under
UV-, visible-, and NIR-light irradiation [144]. Khalid et al. synthesized nanorods of
Bi2S3, which showed 87% efficiency in the degradation of Congo red dye, under
UV-light irradiation over 90 minutes [145]. Chen et al. have reported improved
photodegradation of 2,4-dichlorophenol irradiated with visible light in the presence of
Bi2S3/rGO nanocomposites [137]. The authors also found that there is an optimal
loading of Bi2S3 phases on carbon substrates, concluding that for higher contents of
rGO less efficient photocatalytic systems are obtained. Similarly, for Ag2S/graphene, it
was found that the performance of the photocatalyst depended on the relative
amounts of semiconductor and graphene in the nanostructure. The authors have
investigated samples with distinct graphene content (wt%: 2, 4, and 6), showing that
in those conditions, the photodegradation of RhB, occurred most efficiently under
visible-light irradiation in the presence of the sample 4 wt% in graphene [146].

Copper sulfide is a p-type semiconductor with phase-dependent properties; thus,
the band gap energy range between 1.2 and 2.2 eV, depending on the crystalline form
present [147–151]. This is an interesting aspect for photocatalytic applications because
several crystalline phases have been reported for copper sulfide, showing the metal in
distinct oxidation states, such as in chalcocite (Cu2S) and covellite (CuS). Additionaly,
several nonstoichiometric phases (Cu2-xS) have been reported showing compositions
that can be easily varied depending on the experimental conditions [152]. Hybrid
nanostructures composed of copper sulfide and graphene (or graphene derivatives)
show high potential in photocatalysis. For instance, it has been reported that hybrid
nanostructures of CuS/rGO show superior photocatalytic activity as compared to the
single-phase system composed of CuS nanoparticles, for the photodegradation of
organic dyes under visible-light irradiation [121, 153–155] and UV-light irradiation
[156]. El-Hout et al. have reported that CuS/rGO photocatalysts lead to the complete
mineralization of malachite green after 90 minutes, under sunlight irradiation [157].
As previously mentioned, Shi et al. also stated that there is an optimal loading of CuS
on rGO, showing that samples with 20% of rGO have better photocatalytic activity
than samples containing 30% of rGO [120]. This has been explained by the effect on
the stacking of graphene sheets and metal-sulfide particle aggregation, which results
from the presence of a high amount of carbon nanomaterials (rGO or graphene)
employed in the composite structure [155, 158]. Wang et al. have found that the

Figure 4.
The scheme illustrates visible-light photogeneration of oxygen radicals in a hybrid heterostructure composed of CdS
(red)/TiO2(gray) supported on rGO sheets dispersed in an aqueous medium.
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synergistic interaction occurring between graphene and metal-sulfide phases in
CuS/graphene, with an impact on the electronic conductivity of graphene and
CuS/graphene morphology, accounts for the observed stability and photoactivity of
such heterostructures [159]. Matos et al. have synthesized hybrid composites
comprising S-doped graphene decorated with CuS and Fe3O4 semiconductor phases,
which showed higher photocatalytic ability than their individual components in the
photodegradation of 4-nitrophenol, in addition, these photocatalysts could be recov-
ered and reused in subsequent cycles [158].

Although ZnS is a non-absorbing material in the visible range due to its wide band
gap energy (3.66 eV for blende structure and 3.77 eV for wurtzite structure), it has been
found that ZnS coupled to carbon nanomaterials result in hybrid heterostructures with
photocatalytic activity under visible-light irradiation [127, 133, 135]. Hence, Ming et al.
have reported the degradation of ciprofloxacin, MB, and RhB under visible-light irradi-
ation in the presence of ZnS/carbon nanostructures [160]. Also, Chen and Chakraborty
have shown that under UV-light irradiation, the photodegradation of RhB and MO
occurs more efficiently in the presence of the ZnS/graphene and ZnS/rGO
photocatalysts, respectively [136, 161].

5. Conclusions

This chapter provided a concise overview on the use of graphene and
graphene derivatives coupled to nanocrystalline semiconductors of metal sulfides in
heterogeneous photocatalysis. For these applications, pure metal-sulfide nanoparticles
show some limitations, which depending on the semiconductor include limited
harvesting of photons in the visible region, low photocatalytic quantum yield, fast
recombination of photogenerated charge carriers, and photocorrosion. Hence, several
chemical strategies have been reported to improve photoefficiency and performance
of these nanoparticles as photocatalysts. Metal-sulfide phases coupled with graphitic
materials have been employed to prevent the photocorrosion of the chalcogenide
semiconductor and to increase the photocatalytic efficiency of the resultant hybrid
nanostructures. Particularly, graphene (and its derivatives) have shown great merits
in improving the photogenerated charge-carriers separation and migration, also
extending the light absorption range and the adsorption capacity of the
photocatalysts. Furthermore, their use as supporting substrates in aqueous
suspensions also inhibits the agglomeration of the particles, thus keeping exposed a
high surface area to the photoactive semiconductors. The design of graphene-based
materials decorated with metal sulfides as photocatalysts requires the assessment of
the several parameters that might contribute to their performance in specific contexts.
Hence, it has been reported that these hybrid nanostructures show optimal composi-
tional features on the carbon nanomaterial and semiconductor, depending on the
target pollutant and operational conditions. Furthermore, the surface functiona-
lization of graphene materials also plays an important role in the development of
such photocatalysts, namely the content load in the metal sulfide and their defect
structure. Finally, the cost-effective production of graphene-based semiconductor
nanocomposites at a large scale, envisaging their application as photostable and
efficient heterogeneous photocatalysts, is still a great challenge. In the chemical
design of such photocatalysts, eco-friendly up-scale strategies should be also
addressed by researchers, to guarantee its future commercialization for environmental
applications.
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Chapter 9

Photocatalysis in the Skin Related 
to UVA Photoaging
Satoshi Yoshimoto, Moemi Yoshida and Masamitsu Ichihashi

Abstract

Skin aging is classified into chronological aging and photoaging, involving 
ultraviolet radiation (UV), visible light, and others. UVA and UVA-photosensitizers 
(involving photocatalysis) contribute to the production of chronically induced 
skin damage that results in photoaging, especially wrinkles that are associated with 
histopathological actinic elastosis in the dermis. Hydrogen peroxide produced by the 
photosensitization involving photocatalysis, such as flavin, has been proposed as a 
risk factor for photoaging. It was also revealed that hydrogen peroxide production by 
UVA is amplified through the following reactions. The photosensitization of type I 
and type II by riboflavin as an initiator oxidizes coexisted amino acids and vitamins. 
The oxidized amino acids and vitamins produce reactive oxygen species (ROS), 
including hydrogen peroxide, through secondary UVA-photosensitization. Finally, 
we proposed a screening method for detecting the effects of antioxidants on UVA-
photosensitization. In our previous study, histidine and other antioxidants did not 
inhibit UVA-photosensitized by riboflavin, even though they have been reported to 
scavenge singlet oxygen and superoxide. In contrast, we demonstrated that ergothio-
neine suppressed the production of hydrogen peroxide by UVA-photosensitization. 
The purpose of this report is to provide new findings for the prevention of photoaging 
by discussing the characteristics of UVA-photocatalysts in the skin.

Keywords: photoaging, photosensitization, riboflavin, UVA, hydrogen peroxide

1. Introduction

In living organisms, photosensitizing reactions using photosensitizers (involving 
photocatalysts in this review) are used in a wide variety of ways. Beneficial uses include 
treatment of skin disease [1], elimination of cancer cells [2], and construction of tough 
collagen structures [3]. On the other hand, the photosensitizing reaction by amino 
acids and vitamin components in the living body through exposure to ultraviolet rays 
can cause skin aging. In this chapter, we reviewed the photosensitizing reactions in 
living organisms related to photoaging.

The important role of the skin is to protect the body from various external 
environmental factors. In other words, the skin has the role of preventing physical, 
chemical, and bacteriological invasion into the body and preventing water loss due to 
evaporation. The skin is composed of three layers: the outermost layer of the epider-
mis, the dermis, and the subcutaneous adipose tissue. Keratinocytes and melanocytes 
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are well-known cells that make up the epidermis. Keratinocytes contribute to the 
barrier function of the skin by differentiating, and melanocytes produce melanin 
pigment to protect the epidermis and dermis from ultraviolet rays. In the dermis, 
the extracellular components, produced by dermal fibroblasts, have collagen fibers, 
elastic fibers, hyaluronic acid, and proteoglycan as the main constituents. These 
extracellular components have a high water retention effect and contribute to the 
maintenance of the hydrophilic environment of the dermis. Subcutaneous adipose 
tissue is rich in mature adipocytes and has the role of reducing external pressure. In 
addition to those essential capabilities, the skin has also a role in thermoregulation, 
immune response, and social communication [4–8].

Like many other organs, the skin undergoes adverse changes over time in response 
to changes in lifestyle and hormonal balance. However, unlike most other organs, the 
skin receives major changes due to exposure to the environment, especially UV rays 
from the sun. Chronic exposure to UV rays causes an early aging phenotype (photoag-
ing) that resembles the aging caused by the passage of time (chronological aging) [9]. 
As a result, areas of the body that are routinely exposed to the sun, such as the face, 
neck, and forearms, show the visible manifestation of aging (senile lentigo, wrinkles, 
sagging, etc.) faster than other areas of the body [10].

The effects of chronological aging and photoaging induce serious alteration in the 
dermis with detrimental changes to the extracellular matrix [11]. Collagen accounts 
for the majority of the dermal matrix. However, with age, normal collagen content 
decreases, and the ratio of collagen degenerated by oxidation, carbonyl modification, 
and glycation increases [12, 13]. In addition, the ability of fibroblasts to generate 
collagen is diminished by environmental factors in addition to chronological aging. 
In particular, the upper layers of the dermis on the face, neck, and back of the hands, 
which have been exposed to the sun’s rays, are characterized by the accumulation 
of glycated elastic fibers (solar elastosis) [14]. Furthermore, photoaging is mainly 
induced by long-term UV exposure. UVA, a long-wavelength UV rays, causes seri-
ous damage to the skin due to ROS produced by the reaction with photosensitizers in 
the skin (Figure 1) [15]. However, due to the wide variety of in vivo photosensitizers 
associated with ROS production, understanding the mechanisms of ROS production 
and effective quenching methods is very complicated. In this chapter, we focused 
on the hydrogen peroxide generated by the photosensitization reaction by multiple 
photosensitizers and UVA in the living body. We also introduced a simple screening 
method for discovering active ingredients that are effective against the photosensiti-
zation reaction through UVA.

2. UVA-photosensitization reaction and photoaging

Sunlight is now considered to be one of the most harmful extrinsic factors that can 
induce ROS production [16]. Other well-known factors include tobacco smoke [17, 18], 
PM2.5, and air pollutants [19, 20]. The spectrum of sunlight includes infrared energy 
(greater than 760 nm), visible light (400–760 nm), and ultraviolet (UV) light (less 
than 400 nm). UVs are further classified into UVA (400–315 nm), UVB (315–280 nm), 
and UVC (280–100 nm) [21]. Photobiological reactions are primarily produced by 
exposure to UVB and UVA radiation. UV is a major cause of DNA damage in the 
epidermal skin cells [22, 23]. Furthermore, UV rays contribute to change in the stem 
cell niche, which can lead to photoaging [1, 24]. UVA accounts for about 95% of the 
UV rays that reach the surface of the ground and is likely to contribute to the risk of the 
initiation of human skin cancer [25].
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UVA indirectly damages DNA [26], in contrast to UVB, which is absorbed by DNA 
and causes direct cytotoxicity [27]. UVA-induced damage is mainly caused through 
interactions with the photosensitizers, which produce ROS [28]. UVA causes various 
changes in the dermis, which appear to be primarily involved in the initiation and 
progression of photoaging. These photosensitizers absorb photons/energy, result-
ing in a photosensitizer excited state called the singlet excited state [29, 30]. Two 
reactions can occur following this first reaction. One is a reaction that emits either 
heat or fluorescence and returns to the ground state, and the other is a triplet excited 
state due to intersystem crossing. This triplet excited state reacts with both DNA and 
molecular oxygen, resulting in DNA modification or the production of ROS, such as 
superoxide, hydroxyl radical, singlet oxygen, and hydrogen peroxide [31]. The term 
“photoaging” was coined to emphasize the importance of UV and the resulting ROS 
formation in the skin-aging process (Figure 2) [32].

Figure 1. 
Photoaging of the skin: Photoaging of the dermis is mainly induced by long-term UV exposure. UVA, a long-
wavelength ultraviolet light, causes serious damage to the dermal skin due to ROS produced by the reaction with 
photosensitizers in the body. Sens*: Activated photosensitizers.

Figure 2. 
Scheme of photosensitization and Photoaging: UVA that penetrates the epidermis and reaches the dermis is 
absorbed by the photosensitizers in the skin tissue and produces ROS under existing O2 molecules.



Photocatalysts - New Perspectives

140

3.  Photosensitizing reactions and photosensitizing components that occur 
in the presence of oxygen molecules

Under certain circumstances, endogenous photosensitizers, such as porphyrins, 
melanin, urocanic acid, bilirubin, flavins, pterins, and amino acid, such as trypto-
phan, act as photosensitizers [31–33]. Photosensitization, such as melanin and biliru-
bin, out of the major pigments of the skin, are known as the major absorbers of visible 
regions of the spectrum over 300 to 600 nm. On the other hand, other photosensitiz-
ers, such as urocanic acid (250 to 300 nm), riboflavin (355 nm), and pterin (345 to 
375 nm), show maximum absorption in the UV range and are hardly absorbed in the 
visible region of the spectrum [34, 35]. Photosensitized reactions involving oxygen 
molecules are reported as either type I or type II. Previously, the definition of type II 
reaction involved the formation of singlet oxygen (major reaction) and superoxide 
(minor reaction) [36, 37]. Currently, it was revised, and the definition of type I reac-
tion now involves the formation of superoxide because we define type I on the basis 
of the formation of radicals. Type II is now established as the sensitized formation of 
singlet oxygen. This review followed the definition of guidelines in Baptista et al. [38].

Dermal fibroblasts are often used as a research target for skin aging [39]. The 
senescence of dermal fibroblasts is thought to have a significant effect on dermal 
matrix metabolism and degenerate dermal structure [40]. It is well-known that 
matrix degradation by activation of matrix metalloproteinases (MMPs) contributes 
to the formation of wrinkles and sagging skin [41]. In addition, it has been reported 
that aging fibroblasts, which showed an increase of SA-β-galactosidase [42], intercel-
lular ROS, p16 expression [43], DNA damage, and other typical cellular senescence 
phenotypes, are present in the dermis at the photoaging site. In vitro, UVA and UVA-
photocatalysts are often used to induce cellular senescence (Figure 3). Thus, the ROS 
generated by photosensitization reactions are considered to be important targets for 
the development of anti-photoaging agents.

Figure 3. 
Senescence phenotype of fibroblast induced by UVA irradiation in vitro: Repeated UVA irradiation of human 
dermal fibroblasts at a dose of 36 J/cm2/10 days in the condition of riboflavin coexisted to amino acids and 
vitamins induced typical phenotype of cellular senescence. Left: Flattened and larger cells have a greater diameter 
ratio compared to nonirradiated control cells (calcein-AM staining). Center: Increased of blue coloration cells 
(senescence-associated β-galactosidase staining) compared to nonirradiated control cells. Right: Increased higher 
level of green fluorescence intensity (dihydrorhodamine 123 staining) compared to nonirradiated control cells. 
Scale bar; 200 μm.
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4. Study of UVA-photosensitization in vitro

Many researchers have investigated photosensitization reactions in vitro system 
using a single photocatalyst [44–50]. On the other hand, some research groups have 
shown that the coexistence of multiple components induces stronger cytotoxic-
ity than a single photosensitizer condition [44, 51]. It has been reported that a low 
concentration of photocatalyst, about 0.4 μg/mL riboflavin, can induce cell damage 
in coexisting conditions with amino acids and vitamins [52]. On the other hand, in 
single riboflavin conditions, it takes about 100 μg/mL of riboflavin to induce cell 
toxicity in vitro [53]. In the condition that photocatalysts and multiple components 
coexist, the type I mechanism and the type II mechanism may be amplified at the 
same time in photosensitization. Therefore, it is necessary to consider which of the 
type I and type II reactions is the main reaction under the coexistence conditions of 
photocatalysis and multiple components.

4.1  Combination of components with type I as the main reaction  
(riboflavin and folic acid)

One type of photosensitization occurs in aqueous solution containing riboflavin and 
folic acid. Folic acid coexisting riboflavin in aqueous solution easily undergoes oxidative 
degradation upon UVA exposure to produce a pterin derivative [54]. Pterin derivatives 
are reported to accumulate in vitiligo skin [55], and to induce UV stress in melano-
cytes. Pterin derivatives are known to produce superoxide, hydrogen peroxide, and 
other types of ROS through UVA-photosensitizing [56]. In our previous study, when 
aqueous solution containing both folic acid and riboflavin was exposed to UVA, blue 
fluorescence derived from pterin derivatives appeared earlier than in aqueous solution 
containing folic acid alone. Those results indicate that the oxidative degradation of folic 
acid proceeds only very slowly in HBSS containing folic acid alone, but occurs rapidly in 
the presence of the photosensitizer riboflavin. Since this reaction was not inhibited by 
NaN3, a singlet oxygen scavenger, it was thought that the oxidative degradation of folic 
acid was possibly promoted via photosensitization of type I generated by riboflavin 
photosensitization [52]. Therefore, it is considered that the superoxide quencher is 
effective for these types of reactions.

4.2  Combination of components with type II as the main reaction  
(riboflavin and tryptophan)

The other type of photosensitization occurs between riboflavin and tryptophan. 
Since tryptophan has a maximum absorption wavelength in the UVB region (especially 
at 280 nm), exposure to UVB is known to produce tryptophan oxides, such as FICZ and 
kynurenine derivatives. These tryptophan oxides have absorption wavelengths in the 
UVA region, and it has been reported that UVA exposure produces superoxide, H2O2, 
and other types of ROS [57–59]. In our previous study, since tryptophan does not have 
a UV absorption region, UV exposure to tryptophan alone did not cause the oxidative 
degradation of tryptophan and did not produce kynurenine. However, exposure to 
UVA in the presence of riboflavin decreased the 280 nm absorption by tryptophan and 
increased the 360 nm absorption by kynurenine. Those results indicate that the oxida-
tive degradation of tryptophan, which does not occur in aqueous solution with trypto-
phan alone, may be initiated by the photosensitization of riboflavin. This phenomenon 
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was markedly suppressed by the addition of NaN3, which suggests that the oxidative 
degradation of tryptophan may be promoted by a singlet oxygen generated at an 
earlier time by the photosensitization of riboflavin [52]. Therefore, the singlet oxygen 
quencher is considered to be effective for these types of reactions.

As a point to be noted, it has been reported that HEPES and phenol red can 
enhance the cytotoxicity and the production of ROS by photosensitization reaction 
under the coexistence condition with riboflavin [60, 61]. When considering a photo-
sensitizing reaction with multiple components, it is necessary to consider the possibil-
ity that a component other than the object to be evaluated may become noise.

5. Antioxidants and inhibition of the UVA-photosensitization reaction

The following is a summary of typical antioxidants (Table 1). Oxygen radicals 
scavenger (trolox [62], lutein [63], allicin [64], resveratrol [65], isoflavones [66], 
quercetin [67], catechin [68], theaflavin [69], curcumin [70], chlorogenic acid [71], 
and superoxide dismutase [72]), singlet oxygen quencher (astaxanthin, histidine 
[73], and lycopene [74]), hydrogen peroxide scavengers (catalase and glutathione 
peroxidase), and scavengers for all type of ROS (ascorbic acid [75], ergothioneine 
[76], L-cysteine, glutathione [77], and tocopherol [78]) are suggested to be effective 
in suppressing UVA-photosensitization.

However, these antioxidants have not been investigated for the effects of the 
photosensitizing reaction. Therefore, it is necessary to know if these antioxidants can 
promote the photosensitizing reaction when coexisting with a photocatalyst, such as 
riboflavin.

6.  Screening method for antioxidants that suppress the photosensitizer 
reaction in vitro

We have proposed an in vitro assay using cytotoxicity and hydrogen peroxide 
as detection indicators in a screening method for compounds that suppress cell 

Target Antioxidants

Oxygen radicals Allicin Resveratrol

Catechin Quercetin

Chlorogenic acid Superoxide dismutase

Curcumin Theaflavin Ascorbic acid

Isoflavones Trolox L-cysteine

Lutein Ergothioneine

Singlet oxygen Astaxanthin Glutathione

Histidine Lycopene Tocopherol

Hydrogen peroxide Ascorbate peroxidase Glutathione peroxidase

Catalase

Table 1. 
The classification of typical antioxidants.
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damage caused by UVA-photosensitization. This is because past studies have 
suggested that hydrogen peroxide generated in the solvent by the UVA photo-
sensitization reaction is the main cause of cell damage [52, 79]. Furthermore, 
by coexisting with the target compound during UVA exposure, it is possible to 
evaluate the photosensitization reaction between the target active ingredients and 
other components.

As an interesting example, histidine, which is used as a singlet oxygen quencher, 
has not been shown as an effective compound in this in vitro assay. This was because 
histidine enhances the photosensitizing response to riboflavin during UVA exposure 
[51]. These indicate that they may not be useful depending on the conditions of 
amino acids and vitamins in which existing antioxidants that are expected to have a 
photosensitizing effect coexist. Ergothioneine is a powerful antioxidant that has been 
reported to eliminate singlet oxygen, superoxide, and hydrogen peroxide. A previous 
study reported that ergothioneine has a protective ability against hydrogen peroxide 
and other ROS [76, 80]. It was indicated that ergothioneine has an anti-photosensiti-
zation efficacy because ergothioneine was treated only during UVA irradiation [81]. 
In our in vitro assay, using hydrogen peroxide as an index, the amount of hydrogen 
peroxide produced was suppressed in a concentration-dependent manner, without 
increasing hydrogen peroxide production at any concentration (Figure 4). These 
findings suggest that ergothioneine may prevents the progression of photoaging 
in the skin.

7. Discussions

In this paper, we discussed the possibility that ROS production through photosen-
sitization reaction in the living body may be important factor for photoaging of the 
skin, especially damage to dermal fibroblasts caused by UVA.

Figure 4. 
Efficacy of ergothioneine against the production of hydrogen peroxide through UVA-photosensitization: Samples 
were added to HBSS containing 1 μmol/L riboflavin, 30 μmol/L folic acid, and 100 μmol/L tryptophan. Hydrogen 
peroxide is detected in UVA irradiation control in this assay. For samples, each dose of ergothioneine (EGT) 
was used. A lamp (Toshiba Lighting & Technology Corporation, Yokosuka, Japan) emitting a UVA spectrum 
(340–410 nm) was used as the UVA source and was adjusted to an intensity of 1.0 mW/cm2. Each sample solution 
was irradiated for 1 hour in an ice box for temperature control (3.6 J/cm2). The amount of hydrogen peroxide 
generated in each solution after UVA irradiation with 3.6 J/cm2 was measured by ADHP/HRP methods. Data are 
expressed as means ± S.D. statistical analysis was performed by Student’s t-test with p-value <0.010 (**p < 0.010) 
considered statistically significant differences.
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In addition, the concentration of amino acids and vitamins in the human skin, 
especially in the dermis, must be clarified to discuss the role of sunlight on skin 
photoaging. There are some reports of the concentration of vitamins in the blood. It 
has been reported that riboflavin may exist at approximately 1–300 ng/mL [82, 83], 
folic acid may exist at approximately 13–57 ng/mL [84], and tryptophan may exist 
at approximately 12 μg/mL [85]. However, as far as we have investigated, there have 
been no reports of detailed verification of the concentrations of amino acids and 
vitamins in the dermis. In the future, we hope that the concentrations of amino acids 
and vitamins in the skin must be clarified by detailed studies on the mechanism of 
production of ROS by the UVA-photosensitization reaction in the skin.

Photosensitivity, unlike photoaging, is an acute response to light. Among photosen-
sitivity research, there are also reports on the reduction of phototoxicity by studying 
combinations of ketoprofen with several antioxidants. The report investigates the 
effects of eight known radical scavengers on UV-induced photodegradation of ketopro-
fen and the production of ROS. Interestingly, quercetin was the only one that simultane-
ously suppressed the photolysis of ketoprofen and the production of ROS. Tocopherols 
eliminated ROS but did not suppress the photolysis of ketoprofen [86]. It can be inferred 
that quercetin directly quenched the photosensitizing reaction of ketoprofen.

It should be noted that it is important to look for antioxidants that suppress the 
reaction of the photosensitizer, which is effective not only for photoaging caused 
by ROS production through photosensitization but also for the prevention of pho-
tosensitivity. We concluded that understanding of the photosensitizing mechanism 
of environmental components, such as amino acids and vitamins in the skin, will be 
effective in reducing or preventing harmful skin symptoms induced by phototoxicity, 
which is caused by UVA.

In addition, in recent years, much attention has been paid to treatments targeting 
senescent cells, such as senolytics [87]. In 2018, Yoon reported that the elimination 
of nearby aging fibroblasts was effective in improving senile pigmented spots [88]. 
This strongly suggests that the phenomenon of skin aging may be caused by cell 
aging of fibroblasts. Therefore, the prevention of cellular senescence, especially the 
prevention of photoaging and photodamage caused by ultraviolet rays, is considered 
to be an even more important issue than before. For anti-photoaging to be effectively 
implemented, we need studies to elucidate the photosensitizing-reaction mechanism 
considering various components in the skin.

8. Conclusion

Until now, the role of photosensitizers involving photocatalysis in the skin 
components is poorly understood in photoaging. In this review, we focused on the 
hydrogen peroxide generated by the UVA-photosensitization reaction by multiple 
photosensitizers, such as riboflavin, amino acids and vitamins. We also introduced 
a simple screening method for discovering compounds that are effective for UVA-
photosensitization, using ergothioneine as an example.
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Abstract

Mollusk shell is abundant in particular areas and frequently deposited in land-
fills, contributing to environmental pollution. However, mollusk shell waste has 
been proven as an absorbent that has a high possibility of acting as a photocatalyst 
when integrated with metal support in composite form due to the synergistic effect. 
Therefore, in this study, mussel and cockle shells as agricultural wastes were selected 
to be innovated as support for photocatalysts. The solid-state dispersion (SSD) 
method was used to prepare a composite photocatalyst where mussel and cockle 
were integrated with titanium dioxide (TiO2) nanoparticles at a ratio of 9:1. In total, 
100% of mussel and cockle were used as control samples. The prepared composite 
photocatalyst was evaluated with methylene blue (MB) removal in the suspension 
system. The result reveals that mussel/TiO2 and cockle/TiO2 composite photocatalyst 
show 25.92 and 24.08% for MB removal within 2 hours. It is due to the prepared 
composite photocatalyst particle sizes, where mussel/TiO2 and cockle/TiO2 were 259 
and 268 nm, respectively. It is interesting to note that the prepared composite photo-
catalyst particle size should be in nanosize, where it can enhance the photocatalytic 
performance. Overall, agricultural waste should be utilized to ensure a clean environ-
ment for future generations.

Keywords: mollusk shell waste, composite photocatalyst, methylene blue removal

1. Introduction

Industrial development is a significant contributor to a country’s financial status, 
including using dyes to produce an eye-catching product that meets the consumers’ 
demand [1]. Estimated that 10–15% of dyes used in textile processing were lost in the 
wastewater. Coincidentally, methylene blue (MB), a sulfur-containing heterocyclic aro-
matic dye, is mostly applied in textiles industries for dyeing cotton, silk, and wool [2, 3]. 
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In addition, other applications in chemistry, biology, and medical science also use this 
basic cation dye in the treatment of methemoglobinemia and cyanide poisoning [4].

Biological and chemical precipitation is the standard dye removal treatment [5] 
while several conventional wastewater treatment methods have also been tested for 
the same purpose. Coagulation or flocculation, ozonation, chemical oxidation, and 
electrochemical treatment reported by Subki et al., [6], novel technology, such as 
membrane filtration and bio-sorption [7]. Among all of the possible techniques, 
the photocatalysis process has proven to be the most favorable technology in textile 
wastewater treatment, where the most organic matter can be oxidized to water, 
carbon dioxide, and simple inorganics materials using light radiation and selected 
catalysts [8].

Due to the expensive production of chemical photocatalyst compounds, utiliz-
ing waste materials as adsorbents integrated with metal oxides to form composite 
photocatalysts has become the main focus of researchers nowadays in maintaining 
the sustainability of both the treatment and the environment. Mollusk shells catch 
attention as a potential derived catalyst in dye removal due to the high content of 
calcium carbonate (CaCO3) in raw material to produce calcium oxide (CaO) as the 
most promising heterogeneous alkali catalyst obtained via the calcination process 
[9]. As the most heavily traded bivalve ample mollusk shell, cockle shells have been 
recorded to have a high percentage of CaO contained in the natural compound of the 
shell, which is 99.17% of CaCO3 before calcined [10] while mussel shells came in the 
second place with 98.37% of CaCO3 [11].

In order to get the small microstrain of CaO from CaCO3 through the calcination 
process, Sari et al., [12] investigated the effect of calcination temperature on the 
crystallization of CaO from green mussel shells. They found out that the calcined 
CaO at 950°C obtained a small microstrain compared to the samples calcined at other 
temperatures. Besides, CaO calcined at 950°C exhibited the largest crystallite size, 
meaning it had high crystallinity and a shortened amorphous phase. The CaO cal-
cined at 950°C showed a small microstrain compared to the other samples, meaning 
the crystal defects in the sample were small.

The particle sizes of composite photocatalysts are also one of the factors for 
enhanced photocatalytic performances. Based on previous researchers, they used 
various methods for synthesizing mollusk shells with various particle sizes produced. 
Among cockles, scallops, oysters, pyramidella, green mussels, razor clams, golden 
apple snails, and snail shells, the highest CaO is produced from cockle and green mus-
sel shells [11]. Commonly, the synthesized waste shell involves the same steps, which 
are cleaning, drying, crushing, grinding, sieving, and calcination process. Mostly, the 
particle sizes of CaO are produced in micro-size as prepared by Buasri with his group 
research starting 2013 [11] until 2015 [13] with various types of shells. Interesting 
to note that Gbadeyan et al., [14] was successfully synthesized snail waste shells in 
nanosized via dry and wet ball milling methods.

The ratio of adsorbent with metal oxides to form a composite photocatalyst needs 
to be considered in order to get the highest removal of pollutants. Dzinun et al. [15] 
found  that the optimum ratio for the highest adsorption and MB photocatalytic 
degradation was achieved by using a (1/9) ratio of TiO2/eggshell. Therefore, in this 
study, 9:1 ratio of mollusk shell with TiO2 was investigated. In total 100% of mollusk 
and cockle shell was used as the control sample with indicated ratios of 10:0. The 
composite photocatalyst was prepared by solid-state dispersion (SSD) method for MB 
removal in the suspension system.
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2. Experimental

2.1 Materials

This study used the raw mussel and cockle shell waste then synthesized into 
powder form. TiO2 (Sigma-Aldrich, 21 nm, 95% purity) was used and integrated with 
prepared powder of mussel and cockle shell to be a composite photocatalyst. Ethanol 
(95%) was used from QRëc.

2.2 Synthesis of cockle and mussel shell in powder form

Wasted mussel and cockle shells were washed and brushed several times with tap 
water to remove any foreign matter and impurities present. The cleaned shells were 
dried until no moisture was left then proceeded to crush into smaller sizes. Dry-milled 
both shells for 45 minutes at 500 rpm in batch mode. Then, the crushed shells were 
sieved to a particle size of ≤75 μm using Cooper’s TG-0411/0412 Sieve Shaker for an 
average of 10 minutes. The powdered cockle shells then were mixed with 50 mL of 
ethanol in a 250 mL stainless steel jar and were wet-milled at 500 rpm for 4 hours 
equivalent to 240 minutes in a clockwise direction. The same condition was set for 
powdered mussel shells except for the volume of ethanol used is 30 mL. Dry and 
wet milling processes were operated in a planetary ball mill (Pritsch Pulverisette 6) 
to gain nanosize powder [14]. Both shells were purified via the decantation method 
four times every 20 minutes before filtration. Then, the fine particles were dried in 
a drying oven at 40°C for 3 days corresponding to 72 hours. After cockle and mussel 
shells dried, the samples were calculated in a muffle furnace (Protherm-Furnaces) of 
950°C with a heating rate of 10°C/min for a whole 4 hours. The obtained CaO powder 
was cooled before being stored in a sealed zipper bag.

2.3 Synthesis of composite photocatalyst

The composite photocatalyst of mussel shell/TiO2 and cockle shell/TiO2 was 
prepared using the solid-state dispersion (SSD) method. There were two different 
samples of mussel shell/TiO2 and cockle shell/TiO2 with a ratio of 9:1 with a 10 g basis 
and also two control samples consisting of 100% of mussel shell and cockle shell. 
The samples were evaporated for 24 hours in a 35°C oven. Finally, the samples were 
calcined in a muffled furnace for 5 hours at 450°C.

2.4 Characterization of composite photocatalyst

The functional group was characterized using Fourier Transform Infrared (Agilent 
Cary 630 FT-IR). UV–Vis Spectrophotometer (HITACHI U-3900H) was used for the 
determination of photocatalytic degradation performance. The structural morphol-
ogy of composite photocatalyst was investigated using scanning electron microscopy 
(SEM, HITACHI TM3)00).

2.5 Methylene blue removal testing

The setup of MB removal testing was prepared as in the previous study [15]. 
10 mg/L of MB solution was prepared in a 200 mL beaker. 0.8 g of the composite 
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photocatalyst was added into a beaker. The suspension was first stirred without a UV 
lamp using a magnetic stirrer for 30 min for adsorption equilibrium. After taking 
the sample for adsorption, the UV lamp and the stirrer were turned on for photo-
catalytic activity testing. The experiment was conducted for 150 min and for each 
10 min interval, the aliquot samples were taken and centrifuged at 6000 rpm [16] for 
5 minutes to measure the concentration of MB with a UV–Vis spectrophotometer at 
665 nm as the maximum absorbance [17]. The samples were analyzed by a UV–Vis 
spectrophotometer.

The calibration curve is a method for determining the sample concentration that 
must be completed before the photocatalytic suspension test. The absorbance value 
of each sample from each experiment run was determined using a UV–Vis spectro-
photometer. The sample absorption value can be translated into concentration using 
the linear equation obtained from the calibration curve (ppm). After normalizing the 
measurement, the removal of MB can be computed using the formula:

 ( )−
= ×% 100%o t

o

C C
MBremoval

C
 (1)

where R is the removal efficiency of MB in percentage, Co (mg/L) as initiate al 
concentration of dye solution, and Ct (mg/L) as the concentration of dye solution at 
equilibrium [18].

3. Results and discussion

3.1 Morphology and physiochemical properties of composite photocatalyst

Figure 1 shows the synthesizing of cockle and mussel shells into powder form. 
Raw waste shells were crushed into smaller sizes that are allowable for the milling pro-
cess, where CaCO3 powder was obtained, as shown in Figure 1a and b, respectively. 
After 4 hours of calcination at 950°C, the composite powder converted into CaO 
powder as shown in Figure 1c, and was used as an adsorbent for MB removal. The dif-
ference in color shows each shell has its appearance throughout the whole process. An 
investigation of mass reduction on both samples after calcination was performed, and 

Figure 1. 
(a) Raw waste shells, (b) powder shells before, and (c) after the calcination process to produce CaO.
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it was discovered that the mass for CCS reduced to 5.56 g from 10.06 g, while CMS 
depleted from 10.08 to 5.12 g, both shells proved to lose half of its mass after conver-
sion of CaO. A similar finding was observed in a study of MgCO3 conversion to MgO, 
the mass loss was 50% approximately at a calcination temperature equal to or higher 
than 700°C, independent of the duration [19].

FT-IR analysis was performed on both shells to identify the composite formed 
before and after calcination as shown in Figure 2. Uncalcined cockle shell as proved 
in Figure 2a has a peak of C-O bond at 1438 cm−1 wavelength that comes in a group 
with a few bands at 1088, 861, and 714 cm−1 representing carbonate ion, CO3

2− with 
aragonite microstructure [20] indicating the CaCO3 presence before calcination. This 
result slightly corresponds to Ref. [21] with sharp bands found around 1450, 1080, 
858, and 712 cm−1.

Situated at the peak of 939 and 1438 cm−1 in the calcined cockle shell 
band (Figure 2b), the C-O bonds seem to lose their former strength as the 

Figure 2. 
FT-IR spectrum of (a) uncalcined and (b) calcined cockle shell, (c) uncalcined, and (d) calcined mussel shell.
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CO3
2− presence is gradually lost in the calcination process, which causes the shift-

ing in the mentioned peak. This discovery occurred due to dissipation in the 
reduced mass of the functional group associated with CO3

2− ion [22]. The same 
theory applied to uncalcined mussel shells concerning that both shells are one of 
the few types of mollusk shells.

As for the uncalcined mussel shell, as shown in Figure 2c, the C-O bonds were 
observed at 1442, 1077, 853, and 711 cm−1 peaks except there is a slight difference in 
the intensity of these peaks compared to Figure 2a, which have a stronger intensity of 
C-O content. The calcined cockle shell lost its C-O functional group, where the peak 
intensity of 924 and 1449 cm−1 is weakening (Figure 2d). According to Sari et al., 
[12], the functional group of CaO was formed starting at a temperature of 750°C, 
which is agreeable with this study as the CaO bond was formed at 656 cm−1 still in the 
range of 667.32 cm−1 from their characterization results.

The morphological structures of a mussel shell, mussel/TiO2, cockle shell, and 
cockle/TiO2 composite photocatalyst were examined by SEM as shown in Figure 3. 
TiO2 appeared as fine particles (Figure 3c and d), whereas the cockle and mussel 
shell is more prominent due to the micro-sized particles and exhibits irregular shape 
and size (Figure 3a and b). The particle sizes of mussel and cockle shells were bigger 
than mussel/TiO2 and cockle/TiO2 composite photocatalysts due to the integration of 
TiO2 in nanoparticles size. Besides, it has been established that the TiO2 and mollusk 
shell particles bonded together and formed a composite photocatalyst following the 
calcination process.

Figure 3. 
SEM analysis for (a) cockle shell, (b) mussel shell (c) cockle shell/TiO2, and (d) mussel shell/TiO2 composite 
photocatalyst.
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Figure 4. 
(a) Normalized absorption and photocatalytic activity for (a) mussel and cockle shell, (b) for composite 
photocatalyst, and (c) percentage MB removal.
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3.2 Performance of methylene blue removal

The removal of MB was carried out under UV illumination for 150 min, the pho-
tocatalytic efficiency of the composite photocatalyst was determined and the result is 
shown in Figure 4. When the cockle and mussel shell was used as an adsorbent, there was 
no photocatalytic degradation of the MB solution, which was as expected (Figure 4a). 
By comparison of the composite photocatalyst, mussel shell/TiO2 exhibited the highest 
adsorption and achieved 25.92% of MB photocatalytic degradation compared to cockle 
shell/TiO2 (Figure 4b and c). It is interesting to note that the particle size of the mussel 
shell/TiO2 composite photocatalyst is smaller than cockle shell/TiO2, which gives a higher 
surface area for adsorption and photocatalytic activity takes place.

4. Conclusion

By using the solid-state dispersion (SSD) method, photocatalyst composites 
made of cockle shell/TiO2 and mussel shell/TiO2 were successfully prepared. Using 
a suspension system and methylene blue as a model pollutant, we investigated the 
adsorption and photocatalytic activity of the material. The mussel shell/TiO2 com-
posite photocatalyst with the smallest particle size gives the highest MB removal when 
compared to the cockleshell/TiO2 photocatalyst. Therefore, mussel shells have the 
potential to be utilized as useful materials for the removal of reactive dyes compared 
to cockle shells. In order to increase the MB removal, it would be suggested that the 
particle sizes or mussel shells should be nanosized and integrated with TiO2 to form 
nanocomposite photocatalysts.
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Abstract

Anthocyanidins in the gas phase and under the effects of solvents such as water,
ethanol, n-hexane, and methanol have been studied using DFT and TDDFT electronic
structure calculations for applications as natural dyes in photocatalysis. The results
include HOMO and LUMO orbitals, HOMO-LUMO gap, chemical properties, reorga-
nization energies, and excited states. Malvidin presented the lower HOMO-LUMO
gap energy. After the inclusion of solvents, HOMO-LUMO gap energy increased in all
cases, presenting malvidin with n-hexane as the narrower gap energy. Conceptual
DFT results showed that cyanidin, malvidin, and pelargonidin present good charge
transfer properties. Cyanidin presented a lower electron reorganization energy (λe)
when water is used as the solvent. TDDFT has been used for excited states calculation
and absorption data show the main peaks in a wavelength between 479.1 and
536.4 nm. The UV–Vis absorption spectra were generated and the solvent effects in
each case are discussed. In consequence, pigments selected in this attempt are suitable
to work in the visible part of the electromagnetic spectrum and display the main peak
in the green region. These pigments are found as good options for photocatalysis
applications, and the best choices for dye sensitization are cyanidin, malvidin, and
petunidin after including the more common anthocyanidins in the analysis.

Keywords: anthocyanidins, Dyes, DSSC, TDDFT, conceptual DFT

1. Introduction

Dye-sensitized solar cell (DSSC) is a promising photovoltaic technology and part
of several green technologies used for environmental remediation based on taking
advantage of sunlight as the energy source. The number of researchers dedicated to
working on the development of this technology has increased exponentially in late
years [1]. An important part of this technology relates to dyes which are used to
sensitize the semiconductor in DSSCs. The development of new more efficient dyes is
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part of the research trends to improve this technology [1–3]. Natural
pigments represent one of the more important choices to have improved dyes
in DSSCs.

DSSCs discovery by Michael Grätzel and Brian O’Regan is dated in 1991 [4]. This
device is a photoelectrochemical cell that imitates the photosynthesis process in
plants. The cell consists of a semiconductor-based photoanode covered with a dye
layer, a summarized functioning of the device is described as follows to understand
the dye's role and importance in a DSSC [5, 6]. Dye photoexcitation provides an
electron injection into the semiconductor conduction band from the dye LUMOwhich
is caused by energy bands overlap. Next, the oxidized dye is regenerated when an
electron is given up from the redox electrolyte. Electrolyte species reduction is com-
pleted with the addition of an electron at the platinum-coated transparent conducting
oxide (TCO). The remainder of the semiconductor Fermi level and the electrolyte
redox potential is equivalent to the open-circuit voltage [7, 8].

The idea of using the reactions of photosynthesis to convert sunlight into electrical
power was published in 1974 by Melvin Calvin and became a common technique in
solar technology [9–11]. Solar cells started with silicon devices, but technology has
advanced, and new materials and devices were created, this progress includes DSSCs
as part of an emerging third-generation photovoltaic concept in which stands out the
use of synthetic or natural dyes as light-harvesting pigments [5, 6]. DSSCs compo-
nents require more research and development to reach higher efficiencies [12–14].
Photosensitizers based on natural pigments are more desirable in DSSCs than dyes
from metal complexes and may reach similar performances and stability [9]. Our
interest within this work relates to natural pigments’ electronic structure and will be
focused on anthocyanidins.

Selected pigments are among the more commonly found anthocyanidins in nature,
six different aglycones or anthocyanidins are included within this work and its com-
mon name with its distribution in fruits and vegetables is as follows: cyanidin 50%,
pelargonidin 12%, delphinidin 12%, peonidin 12%, petunidin 7%, and malvidin 7%
[15–18]. Hydroxyl and methoxy groups differentiate these molecules by the number
and position of their B-ring [19–21]. Prior work related to anthocyanidins by our
research group has been published elsewhere and includes cyanidin, malvidin, and
peonidin [22]. The methodology from such work was reproduced with an upgraded
version of the Gaussian program as part of the continuity work by our research group
and we developed further work with additional pigments and calculations which were
included in the present work. This work is considered a deeper study because all
calculations were re-done using Gaussian 16 [23] (prior work was developed with
G09), in addition, this work includes three additional pigments which enrich twice
the options to make the best choice among the more used anthocyanidins for
photocatalysis applications. The new calculations not included in the prior work were
developed using Cis-TDDFT which enabled an analysis/discussion of emission data
and the respective spectra. After increasing to six anthocyanidins in the study, the
lower value for gap energy is malvidin in its gas phase and remains as a general
behavior that with the addition of solvents gap energy increases in all cases except for
malvidin with n-hexane because it had the narrower gap followed by petunidin also
with n-hexane. For charge transfer, based on conceptual DFT results, cyanidin,
malvidin, and pelargonidin present the best results. Water as solvent followed by
ethanol and methanol applied in cyanidin displayed the lower values for electron
reorganization energy (λe). Also, TDDFT calculations were carried out to calculate
absorption properties for each pigment. After increasing the sample from three
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molecules up to six, it was again cyanidin, malvidin, and petunidin the pigments with
the best performance indices for dye sensitization.

2. Theory and computational details

Theoretical calculations were performed in Gaussian16 (G16) programs suite [23].
Calculations include four solvents (water, ethanol, n-hexane, and methanol) in addi-
tion to the gas phase. Selection criteria are mainly based on how often the solvent is
used in the laboratory to obtain pigments. The solvation model was PCM (polarizable
continuum solvation model) as implemented in G16 program suite. B3LYP/6–311 + g
(d,p) is the theoretical method used during geometry relaxation. Open-source data-
bases were used to obtain the first geometry version and then our theoretical meth-
odology was applied to optimize geometric parameters. Functional B3LYP is a widely
accepted approach for this kind of molecule, and it was selected for this study mainly
for that reason [24]. Basis set 6–311 + g(d,p) as implemented in the Gaussian16
program package [23] complements B3LYP very well according to preliminary calcu-
lations. 6–311 + g(d,p) was tested by running a set of calculations with different
organic molecules with more than acceptable results. The literature considers B3LYP/
6–311 + g(d,p) a theoretical method that provides a good level of accuracy for similar
molecules [25–29]. A local minimum needs to be reached at the geometric optimiza-
tion and it was confirmed with the calculation of harmonic vibrational frequencies.
The zero-point vibrational energy (ZPVE) scaling was performed as a thermal
correction (TC) at 298.15 K. Complementing geometry and frequency calculations,
neutral energy, and adiabatic energies were obtained. Thereupon, chemical properties
(HOMO, LUMO, gap, ionization potential (IP), electronic affinity (EA), electrophi-
licity (ω), electronegativity (χ), and hardness (η)) were computed based on the
chemical reactivity indexes obtained in energy calculations. The sequence followed
during the calculations was: first gas phase and then different solvents, one by one
were included such as water, ethanol, n-hexane, and methanol.

Data reported by other research teams were included to compare with our results.
So, a good idea is provided on performance against other theoretical methodologies or
results obtained experimentally. Discussion is made on whether these molecules may
be good dye sensitizers with TiO2 [25–29] for future work. Excited states were calcu-
lated (over 10 states) but only the first excited states will be discussed in this docu-
ment. TDDFT calculations were carried on with B3LYP/6-311 g + (d,p) for
consistency with energy calculations. Useful energy graphs and excited states spectra
diagrams considering the six more common anthocyanidin variants in the same figure
are included in this work for comparison of results under similar theoretical methods.
Chemissian code [30] was used to develop most energy graphs included in the results
section.

3. Results and discussion

3.1 Molecular structure

Anthocyanidins are based on the flavylium ion or 2-phenylchromenylium
(chromenylium may be referred to as benzopyrylium). These natural pigments are
derivatives of 2-phenylchromenylium cation or flavylium cation. A relevant feature
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for this structure is the capability to carry different substituents in the phenyl group at
2-position. Another particularity to note is anthocyanidins differ from other flavo-
noids because of a positive charge. Molecule substituents and main features are
displayed in Table 1which includes a molecular scheme in Figure 1 shown next to the
table so the reader may have a good view for a general interpretation of structural
differences between anthocyanidin variants. Anthocyanidins have a 15-carbon atoms
main structure arranged in two aromatic rings (A and B) as shown in Figure 1. A third
ring (C) provides the positive charge from an oxygen atom contained in this ring. Two
C]C bonds in the C ring differentiate anthocyanidins among the flavonoid family
and it is responsible for a positive charge in this molecule, therefore, it is a cation
(flavylium) when it is at the stable form at low pH [31].

The phenylbenzopyrylium core of anthocyanins may be modified by the addition
of a wide range of chemical groups using hydroxylation, acylation, and methylation.

Geometric parameters are summarized in Table 2. The phenylbenzopyrylium is
normally combined with a wide range of chemical groups using hydroxylation, acyla-
tion, and methylation.

The CdC bond length found within this work has a similar length or nearly
enough to 140 pm (CdC bond length average size) which is the typical bond length

Substitution pattern

Name Chemical formula R1 R2 Color

Cyanidin (C15H11O6)
+ OH OH Orange-red

Delphinidin (C16H11O7)
+ OH OH Blue-red

Malvidin (C15H13O5)
+ OCH3 OCH3 Blue-red

Pelargonidin (C15H11O5)
+ H H Orange

Peonidin (C15H13O6)
+ OCH3 H Orange-red

Petunidin (C15H12O6)
+ OCH3 OH Blue-red

Table 1.
More known anthocyanidins structure and substitution patterns.

Figure 1.
General chemical structure of anthocyanidins according to Table 1.
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for benzene. An average of 154.0 pm and 134 pm were found for single and double
CdC bonds length, respectively. CdC bond lengths for benzene are customarily
accepted around 139 pm in the literature which is near to our findings. The
discrepancy is minor near to 0.1 Å in average for CdC bonds of selected pigments
considering an average length between 1.346 and 1.444 Å.

Parameter Cyanidin Delphinidin Malvidin Pelargonidin Peonidin Petunidin

O(1)-C(2) 1.350 1.344 1.347 1.345 1.345 1.346

O(1)-C(9) 1.358 1.358 1.359 1.359 1.358 1.359

C(2)-C(3) 1.420 1.403 1.407 1.404 1.404 1.406

C(2)-C(10) 1.436 1.448 1.444 1.445 1.447 1.446

C(3)-C(4) 1.382 1.390 1.388 1.389 1.390 1.390

C(4)-C(10) 1.403 1.397 1.399 1.397 1.397 1.398

C(5)-C(6) 1.376 1.375 1.376 1.375 1.375 1.375

C(5)-C(10) 1.427 1.436 1.435 1.436 1.436 1.436

C(6)-C(7) 1.412 1.409 1.408 1.409 1.409 1.409

C(7)-C(8) 1.395 1.399 1.398 1.399 1.398 1.398

C(8)-C(9) 1.386 1.380 1.382 1.381 1.381 1.382

C(9)-C(10) 1.409 1.423 1.421 1.422 1.423 1.422

C(10)-C(20) 1.422 1.406 1.414 1.415 1.409 1.414

C(10)-C(60) 1.414 1.416 1.407 1.413 1.411 1.410

C(20)-C(30) 1.377 1.389 1.381 1.377 1.387 1.385

C(30)-C(40) 1.422 1.404 1.418 1.405 1.420 1.409

C(40)-C(50) 1.396 1.403 1.407 1.403 1.399 1.401

C(50)-C(60) 1.383 1.386 1.395 1.383 1.384 1.389

O(1)-C(2)-C(10)-C(60) 180 150.1 151.4 150.5 150.1 150.6

C(3)-C(2)-C(10)-C(20) 180 148.5 149.3 149.8 149.1 148.3

O-C(30)-C(40)-C(50) 180 179.9 179.3 180.0 177.4 179.9

H-C(50)-C(40)-C(30) 180 178.2 175.9 177.9 178.5 178.2

O-C(40)-C(30)-C(20) 180 179.7 177.0 179.9 176.7 179.8

O-C(40)-C(50)-C(60) 180 179.2 178.0 179.3 177.7 179.4

C(8)-C(9)-C(10)-C(4) 180 175.7 176.3 175.6 175.9 176.2

O(1)-C(9)-C(10)-C(5) 180 178.6 178.8 178.6 178.7 178.8

C(8)-C(9)-O(1)-C(2) 180 179.0 179.9 179.1 179.4 179.6

C(5)-C(10)-C(4)-C(3) 180 179.7 179.3 179.7 179.5 179.4

C(9)-O(1)-C(2)-C(10) 180 179.4 179.1 179.0 179.0 179.3
*Data regenerated by our research group with a similar theoretical method reported elsewhere [22].

Table 2.
Selected anthocyanidins geometric parameters summary including bond length and bond angles in Å and °,
respectively.
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Methodologies such as B3LYP/6-31 g(d), B3LYP/6–31 + g(d,p) have been reported
in the literature for similar molecules [32–36] and will be included a few selected data
from some of these sources to enrich the discussion in this work. At his point, one can
say B3LYP reaches accurate results for these molecules' geometries and may be
expected good results for similar organic molecules as well. Thus, results in this work
for CdC bond lengths comply with the reported data.

The planarity in a structure is related to dihedral angles. For anthocyanidins within
this work, the planarity among the three rings forming these molecules skeleton
within each anthocyanidin represents an important feature that differentiates one
from another. In the literature, the parameter reported is the torsion angle instead of
dihedral angles and this value may be in the same way a factor that characterizes an
anthocyanidins and influences its electronic structure behavior [32]. Cyanidin is con-
sidered a planar molecule because its dihedrals vary by less than 1° from a perfectly
planar structure. Delphinidin and petunidin have similar planarity between them but
their torsion angle causes the molecules to have the lower planarity level. Peonidin has
more dihedrals different than 180° but only a couple of them differ more than 5°.
Then, the analysis indicate there are differences in the dihedrals but only a couple
cases deviate significantly from a perfect planarity. However, despite the numeric
difference is small, it is such differences in planarity that determine most of the
molecule character and its chemical properties. Put it in other words, it may be seen
that few dihedrals correspond with a nonplanar structure, in such a way that there is a
direct relationship with the relative angle or torsion angle between rings, and it
represents the main difference observed in the B ring compared with the rest of the
structure. All selected structures fall into the torsion angle and planarity concepts
mentioned, with exception of cyanidin which has an almost perfectly planar structure
confirmed by its dihedral values.

3.2 Electronic structure

Energy calculations were executed using B3LYP/6311 + g(d,p) method for the gas
phase and four solvents (water, ethanol, n-hexane, and methanol). The reader may
see HOMO and LUMO molecular orbitals numeric results in Table 3. An idea to
analyze from these results is how these molecules energy orbitals may overlap with a
semiconductor energy orbital for DSSCs and photocatalytic applications.

This procedure consists in reproducing a process where an electron is photo-
induced in the molecular system by being transferred from the dye-excited state to the
semiconductor. The process takes place at HOMO and LUMO energy orbitals. There-
fore, a dye sensitizer should have HOMO and LUMO energy levels that mate with
electrolyte redox potential and the semiconductor conduction band [25]. Pigments
included in this work well with the electrolyte redox level (�4.85 eV) and the
conduction band edge for TiO2 (�4.00 eV), considering values reported in the
literature [25–29].

Calculations include molecular orbitals for all variants in the gas phase and with
solvents four different solvents. LUMO results are between�6.856 and� 6.624 eV for
the gas phase, which is relevant because LUMO molecular orbital may be beneficial
for the application as dye sensitizers. An expected condition is dye molecular orbitals
overlapping semiconductor band gap in some way so it can take place an easier charge
transfer process.

There is a shift around 3 eV in HOMO and LUMO for gas phase results if compared
to results when added solvents like water and ethanol. This shift is evidenced in
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HOMO magnitude by around 3 eV. A shift of less than 1.5 eV in HOMO and LUMO is
estimated for n-hexane molecular orbitals calculations. The HOMO and LUMO
molecular orbitals are shown in Figures 2 and 3.

The difference between HOMO-LUMO is generally accepted as a similar value to
the band gap. Results for HOMO-LUMO gap were between 2.539 and 2.881 eV in the

Pigment Solvent H-L HOMO LUMO λe EEP λh HEP

(C15H11O6)
+ Gas phase 2.664 �9.288 �6.624 0.318 5.525 0.344 10.361

Water 2.824 �6.452 �3.628 0.262 4.064 0.284 6.038

Ethanol 2.816 �6.528 �3.712 0.264 4.102 0.288 6.155

n-hexane 2.712 �7.916 �5.204 0.295 4.818 0.324 8.284

Methanol 2.818 �6.501 �3.683 0.263 4.089 0.267 6.115

(C16H11O7)
+ Gas phase 2.667 �9.513 �6.846 0.346 5.753 0.364 10.572

Water 2.844 �6.577 �3.732 0.292 4.191 0.320 6.136

Ethanol 2.835 �6.658 �3.823 0.294 4.235 0.321 6.260

n-hexane 2.726 �8.114 �5.388 0.325 5.013 0.346 8.467

Methanol 2.838 �6.630 �3.792 0.293 4.220 0.320 6.217

(C15H13O5)
+ Gas phase 2.539 �9.24 �6.701 0.371 5.666 0.452 10.162

Water 2.823 �6.532 �3.709 0.294 4.172 0.460 5.946

Ethanol 2.810 �6.610 �3.800 0.295 4.216 0.462 6.066

n-hexane 2.657 �7.975 �5.318 0.335 4.968 0.479 8.169

Methanol 2.815 �6.583 �3.768 0.294 4.201 0.461 6.024

(C15H11O5)
+ Gas phase 2.881 �9.737 �6.856 0.333 5.732 0.348 10.820

Water 2.994 �6.693 �3.699 0.290 4.156 0.321 6.250

Ethanol 2.989 �6.778 �3.789 0.292 4.200 0.322 6.379

n-hexane 2.918 �8.290 �5.372 0.319 4.984 0.335 8.658

Methanol 2.990 �6.748 �3.758 0.291 4.185 0.321 6.334

(C15H13O6)
+ Gas phase 2.691 �9.465 �6.774 0.364 5.703 0.498 10.371

Water 2.955 �6.668 �3.713 0.293 4.173 0.527 6.019

Ethanol 2.945 �6.748 �3.803 0.294 4.217 0.527 6.142

n-hexane 2.815 �8.166 �5.351 0.328 4.980 0.533 8.316

Methanol 2.948 �6.720 �3.772 0.294 4.202 0.527 6.100

(C15H12O6)
+ Gas phase 2.604 �9.379 �6.775 0.341 5.693 0.366 10.411

Water 2.796 �6.511 �3.715 0.289 4.173 0.318 6.066

Ethanol 2.785 �6.590 �3.805 0.291 4.216 0.320 6.188

n-hexane 2.664 �8.014 �5.35 0.318 4.976 0.348 8.353

Methanol 2.789 �6.562 �3.773 0.290 4.201 0.319 6.145

*Data regenerated by our research group with a similar theoretical method reported elsewhere [22].

Table 3.
Energy results for selected molecules: H-L is the HOMO-LUMO gap or energy band. All units in eV.
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gas phase with malvidin having the narrower gap and pelargonidin with the wider gap
among the six pigments.

Therefore, solvents are responsible for a slight shift of HOMO-LUMO values in all
cases. Malvidin in the gas phase has a lower value for the HOMO-LUMO energy. With
the addition of solvents, these gaps increase in all cases with n-hexane as the narrower
value, followed by petunidin also with n-hexane. Ethanol and methanol solvents have
a slighter effect than water. In general, effects in HOMO-LUMO are small, which
means there is a similarity in magnitude on the results when used any solvent water,
ethanol, n-hexane, or methanol. The HOMO-LUMO gap varies in all cases by less than
10% if compared with the HOMO-LUMO values in the gas phase. The greater shift
was 11 and 10% corresponding to malvidin and peonidin, respectively, however, n-
hexane effect on malvidin shifted only 5%. Then, when water is used a bigger shift in
HOMO-LUMO is observed and, in contrast, n-hexane caused the smaller shift. The
energy gap had a small variation with �0.3 eV on average considering all variants.
Cyanidin and delphinidin have alike energy gap values despite the solvent and despite
their differences in geometric parameters and constituents. HOMO-LUMO gap
energy seems almost unaffected by planarity and relative angles, which means the
effects of the main geometric parameters in gap energy are considered small.

There is an amount of energy needed so a molecule can become ionized, which
means if one charge is lost it becomes a cation and if one charge is gained it becomes
an anion. Such energy was calculated using intramolecular reorganization energies.

Figure 2.
Molecular orbitals for selected anthocyanidins cyanidin [22], delphinidin, malvidin [22], pelargonidin, peonidin
[22], and petunidin corresponding to (a) gas phase, (b) water solvent, (c) ethanol solvent, (d) n-hexane solvent
and (c) methanol solvent. H-L gap energy units are in eV.
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When the ionized molecule becomes neutral, then these two processes relate to the
charge transfer process. The energy needs to be available for charge transfer for that
reason reorganization energy (λ) values are low to prevent wasting energy in reorga-
nization processes. Then, the reason why λ is low is to maximize the use of solar
energy instead of using sunlight during the energy transfer process. Water, ethanol,
and methanol solvent addition cause a decrease in λ. Solvent n-hexane also decreases λ
but slightly. The lower electron reorganization energy (λe) was cyanidin with water
but with similarities when used ethanol and methanol.

Cyanidin lower hole reorganization energy (λh) was obtained when used solvent
methanol followed by water with similar values but not as close as in the case of λe.

Figure 3.
Molecular orbitals charge distribution using B3LYP/6–311 + g(d,p), corresponding to: (a) cyanidin [22],
(b) delphinidin, (c) malvidin [22], (d) pelargonidin, (e) peonidin [22] and (f) petunidin.
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The results for hole extraction potential (HEP) and electron extraction potential
(EEP) present higher values for the gas phase, and a decrease is observed when any of
the solvents is used.

Water, ethanol, and methanol have a similar effect in HEP and EEP, and it is
bigger than n-hexane in all cases. Higher values for HEP were observed in
pelargonidin in the gas phase, in general, for gas-phase HEP results are around 10 eV.

With solvent n-hexane, HEP goes around 8 eV and with solvents such as water,
ethanol, and methanol its value is nearly 6 eV. EEP values are near 1 eV for solvents
water, ethanol, and methanol and go down to 0.5 eV with n-hexane. Higher EEP was
observed in delphinidin in the gas phase as expected because of the OH radical present
in its molecular structure, but the rest of the selected anthocyanidins had similar
values in the gas phase with 0.1 eV variation. Reorganization energies show malvidin
is the best choice followed by petunidin.

Cyanidin with methanol produces the best electron reorganization energy λe
followed by water and ethanol. Cyanidin is more suitable for hole energy λh with the
same solvents. Petunidin is the next more suitable but with a modest advantage by
0.05 eV over cyanidin. It is possible that λ values performance relates with molecule
planarity. The effect of solvents in EEP and HEP is unclear in contrast with λ.
Malvidin with water is the best choice from EEP and HEP viewpoint but the variation
is minor considering the same solvent is used in other molecules.

3.3 Chemical reactivity properties

Chemical reactivity properties were calculated with conceptual DFT. These prop-
erties are shown in Table 4.

Ionization potential (IP) is associated with the electronic cloud stiffness. In terms
of reactivity, the cloud is wary to become a participant in electron transfer. Therefore,
a lower ionization potential is enticing to have a larger molecular potential so electron
donation boosts. Malvidin presents the lower IP in its gas phase and decreases further
with solvent addition. A similar effect in IP magnitude was caused by water, ethanol,
and methanol but the lower IP value was when water is used as a solvent in cyanidin
among all variants.

In the gas phase, IP was near 11 eV and when used water, ethanol, and methanol IP
decreased to values near 6 eV. IP values also had a reducing trend with solvent n-
hexane with results around 8 eV. The lower IP was observed in cyanidin with water
and methanol meanwhile for malvidin and petunidin their lower values were
observed with these two solvents.

For molecules in its gas phase, EA results were around 5 eV and with solvents
water, ethanol, and methanol a reducing trend was observed with results around 3 eV,
and n-hexane effect on EA also was a reducing trend to values around 4 eV.
Delphinidin in n-hexane has the higher EA but its EA values are only slightly higher
than those for pelargonidin, petunidin, peonidin, and malvidin, all with n-hexane.

Attracting electron pairs may be measured with electronegativity (χ). For a better
suitability to act as a charge acceptor, a high electronegativity (χ) is desirable.
Pelargonidin displayed the highest χ value in the gas phase, in general χ results are
near 8 eV and have a decreasing trend with values near 5 eV when solvents such as
water, ethanol, and methanol are used. For n-hexane solvent, results are near 6 eV.
Pelargonidin with n-hexane presents the higher value but it is slightly over the rest of
the molecules using n-hexane as well.
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Therefore, chemical properties show similarity among resulting values which may
be induced by the molecular resemblances including the torsion angle, and the small
structural differences may be responsible for the main differences as well as their
molecule constituents.

Pigment Solvent IP EA χ η ω Ѕ

(C15H11O6)+ Gas phase 10.642 5.154 7.898 2.744 11.439 0.364

Water 6.322 3.802 5.062 1.26 10.165 0.793

Ethanol 6.443 3.838 5.141 1.302 10.147 0.768

n-hexane 8.608 4.522 6.565 2.043 10.549 0.490

Methanol 6.382 3.825 5.104 1.278 10.189 0.782

(C16H11O7)+ Gas phase 10.876 5.353 8.114 2.761 11.923 0.362

Water 6.456 3.899 5.177 1.278 10.485 0.782

Ethanol 6.582 3.941 5.261 1.320 10.484 0.757

n-hexane 8.813 4.688 6.751 2.062 11.048 0.485

Methanol 6.537 3.927 5.232 1.305 10.485 0.766

(C15H13O5)
+ Gas phase 10.614 5.296 7.955 2.659 11.899 0.376

Water 6.406 3.878 5.142 1.264 10.462 0.791

Ethanol 6.528 3.921 5.224 1.304 10.469 0.767

n-hexane 8.647 4.633 6.640 2.007 10.983 0.498

Methanol 6.486 3.906 5.196 1.29 10.466 0.775

(C15H11O5)
+ Gas phase 11.181 5.399 8.29 2.891 11.886 0.346

Water 6.571 3.866 5.219 1.352 10.07 0.739

Ethanol 6.701 3.908 5.305 1.396 10.077 0.716

n-hexane 8.992 4.665 6.829 2.164 10.775 0.462

Methanol 6.656 3.894 5.275 1.381 10.074 0.724

(C15H13O6)
+ Gas phase 10.869 5.34 8.105 2.765 11.879 0.362

Water 6.545 3.881 5.213 1.332 10.199 0.751

Ethanol 6.670 3.922 5.296 1.374 10.209 0.728

n-hexane 8.850 4.652 6.751 2.099 10.859 0.477

Methanol 6.627 3.908 5.267 1.359 10.205 0.736

(C15H12O6)
+ Gas phase 10.777 5.352 8.064 2.713 11.987 0.369

Water 6.384 3.884 5.134 1.25 10.541 0.8

Ethanol 6.508 3.925 5.217 1.291 10.536 0.774

n-hexane 8.701 4.658 6.679 2.022 11.034 0.495

Methanol 6.465 3.911 5.188 1.277 10.537 0.783
*Data regenerated by our research group with similar theoretical method reported elsewhere [22].

Table 4.
Chemical reactivity of selected anthocyanidins. Properties displayed are ionization potential (IP), electron affinity
(EA), electronegativity (χ), chemical hardness (η), electrophilicity index (ω), and chemical softness (Ѕ), units are eV.
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3.4 Excited states with TDDFT

TDDFT excited states were computed with B3LYP/6311 + g(d,p) methodology in
Gaussian16. The literature supports that B3LYP is a suitable hybrid functional [25–
29, 36] for this kind of computations and has been successful in similar molecules.

A good match between the absorption spectrum and the solar irradiation spectrum
in DSSCs benefits its performance. An indicator of the light-harvesting effectiveness
may be data related to the dye’s absorption and such data become relevant for the
performance of the DSSCs [37–41] as a whole. Our results are in acceptable accord
with experimental values and the differences may be caused by solvent effects and
variation added by measuring methodologies [36, 42–44]. For ΔE, a low value is
desirable so the first excited state may need as low energy as possible. In the gas phase,
malvidin presents the lower value for ΔE and, with solvent addition, the lower value
was malvidin with n-hexane closely followed by petunidin with n-hexane. The litera-
ture reports two main regions in anthocyanidins UV–Vis spectra. The first one at 260–
280 nm and the second one at the visible region between 490 and 550 nm. There is a
third peak at 310–360 nm [43], but we will focus on the main peak located in the
visible region.

This group of anthocyanidins in the gas phase had absorption wavelengths
between 479.1 and 536.4 nm. These molecules work in the visible with both
cyanidin and pelargonidin working in the blue region. Pelargonidin and malvidin are
the lower and higher values while cyanidin presents a similar value with
pelargonidin results which may be related to the fact that both have a small relative
angle at the B ring and, they are the simplest molecules regarding their constituents.
Addition of solvent shifts absorption spectra by increasing its wavelength by less
than 5 nm in the case of water, ethanol, and methanol. When used n-hexane,
absorption spectra shift by nearly 10 nm. TDDFT excited states absorption data are
shown in Table 5 and absorption spectra are shown in Figure 4. Photon-to-current
conversion relies on the visible and near UV regions results and based on these
results one can attain microscopic information related to electronic transitions and
MO properties.

A goal of TDDFT excited states was to calculate absorption data and our numeric
results are shown in Table 5 and absorption spectra are shown in Figure 4.

Light harvesting energy (LHE) index was calculated due to its importance in
electronic transfer.

The light-harvesting energy (LHE) index was calculated due to its importance in
electronic transfer. In a dye sensitizer, a high LHE maximizes photo-current response,
and it can be calculated with equation (1):

LHE ¼ 1� 10�f (1)

where f is the oscillator strength of the dye associated with the wavelength
corresponding to the peak absorbance through intramolecular charge transfer
[45, 46]. Singlet-to-singlet transitions of the absorption bands with maximum wave-
length and oscillator strength were obtained for all selected anthocyanidins. In the
gas-phase cyanidin had a higher LHE followed by petunidin and on the other hand,
malvidin had a lower LHE value. After the addition of solvents, there is an increase in
LHE in all cases but with malvidin, the effect of the solvent is more noticeable
especially when methanol is used. Cyanidin, petunidin, and malvidin have higher LHE
values after solvent addition. The lowest energy absorption in these molecules is due
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Molecule Solvent State ΔE (eV) λ (nm) Transition Contribution f LHE

(C15H11O6)
+ Gas Phase 1 2.546 487.1 (522*) H - > L 67% 0.507 0.689

Water 1 2.524 491.2 H - > L 68% 0.619 0.760

H-1 - > L 17%

H-2 - > L 12%

Ethanol 1 2.528 490.4 H - > L 68% 0.629 0.765

H-1 - > L 15%

H-2 - > L 12%

n-hexane 1 2.473 501.4 H - > L 69% 0.686 0.794

Methanol 1 2.524 491.3 H - > L 68% 0.622 0.761

H-1 - > L 17%

H-2 - > L 12%

(C16H11O7)
+ Gas Phase 1 2.448 506.4 (534*) H - > L 61% 0.324 0.526

H-1 - > L 30%

H-2 - > L 18%

Water 1 2.498 496.4 H - > L 68% 0.579 0.736

H-2 - > L 17%

Ethanol 1 2.498 496.4 H - > L 68% 0.565 0.728

H-2 - > L 17%

n-hexane 1 2.421 512.17 H-2 - > L 16% 0.574 0.733

H - > L 68%

Methanol 1 2.495 496.9 H - > L 68% 0.578 0.736

H-2 - > L 17%

(C15H13O5)
+ Gas Phase 1 2.312 536.4 (542*) H - > L 60% 0.240 0.425

Water 1 2.434 509.3 H-1 - > L 30% 0.604 0.751

Ethanol 1 2.481 499.8 H - > L 68% 0.591 0.744

H-2 - > L 17%

n-hexane 1 2.376 521.9 H - > L 70% 0.627 0.764

Methanol 1 2.431 510.1 H - > L 61% 0.601 0.749

(C15H11O5)
+ Gas Phase 1 2.588 479.1 (513*) H - > L 61% 0.325 0.527

H-1 - > L 35%

Water 1 2.591 478.6 H - > L 67% 0.493 0.679

H-1 - > L 21%

Ethanol 1 2.592 478.4 H - > L 67% 0.472 0.663

H-1 - > L 22%

n-hexane 1 2.537 488.7 H-1 - > L 24% 0.487 0.674

H - > L 66%

Methanol 1 2.589 478.9 H - > L 67% 0.491 0.677

H-1 - > L 21%
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to the transition from HOMO to LUMOwith the largest oscillator strength resulting in
an enhanced LHE, this approach emphasizes the parameters recommended in the
literature to identify the best choice [41, 47, 48].

Molecule Solvent State ΔE (eV) λ (nm) Transition Contribution f LHE

(C15H13O6)
+ Gas Phase 1 2.401 516.3 (532*) H - > L 67% 0.288 0.485

H-1 - > L 11%

Water 1 2.509 494.2 H - > L 69% 0.530 0.705

Ethanol 1 2.564 483.6 H - > L 67% 0.515 0.695

n-hexane 1 2.465 503 H - > L 69% 0.535 0.708

Methanol 1 2.505 494.9 H - > L 69% 0.527 0.703

(C15H12O6)
+ Gas Phase 1 2.423 511.7 (543*) H - > L 65% 0.410 0.611

Water 1 2.460 503.9 H - > L 69% 0.600 0.749

Ethanol 1 2.757 449.7 H-2 - > L 23% 0.682 1.792

H - > L 66%

n-hexane 1 2.382 520.6 H-2 - > L 13% 0.606 0.752

H - > L 69%

Methanol 1 2.458 504.5 H - > L 69% 0.599 0.748

Cyanidin, malvidin, and peonidin data has been regenerated for this work with very similar results, considering there is a
set of our own results obtained with different methodology that were published previously elsewhere [22].
*Experimental data from the literature [43].

Table 5.
TD-DFT excited states absorption data for selected molecules.

Figure 4.
Absorption spectra using TD-DFT for gas phase and solvents water, ethane, n-hexane, and methane for: (a)
cyanidin [22], (b) delphinidin, (c) malvidin [22], (d) pelargonidin, (e) peonidin [22], and (f) petunidin.
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To obtain an effect where the absorption spectrum overlaps with the solar spec-
trum, the energy gap will have to reduce. Such action could be possible with the
inclusion of a co-absorber of appropriate properties. Among the dyes studied,
anthocyanidins with the higher LHE may work well with solar energy and may be
recommended as the better suited for use as a potential sensitizer for DSSC.

3.5 Excited states using CIS-TDDFT

Cis-TDDFT methodology was used to calculate excited states with the scheme
implemented in Gaussian16 [23]. Emission wavelength values increase after solvents
are included in most cases if compared with results obtained for emission in
anthocyanidins gas phase, respectively, for each variant. Emission spectra for each
selected anthocyanidin are shown in Figure 5. According to experimental data, DFT
calculations underestimate wavelength values by approximately 8%. Cyanidin,
delphinidin, malvidin, and pelargonidin have similar effects with each solvent
presenting slightly increased emission wavelength values for water, ethanol, and
methanol and a slight decrease in wavelength value for n-hexane solvent. Peonidin
and petunidin have similar effects when water and ethanol are used with a slight
increase in wavelength value and are similar to the effect when used solvent n-hexane
with a slight decrease but there is a different effect on these two anthocyanidins when
methanol is used since, in these two variants, wavelength presents a slight decrease.

Overall, the effects of solvents in these six anthocyanidins are similar, maybe
petunidin presents stronger effects in the wavelength with solvents than the others
but the effects can be considered small even for this case.

Oscillator strength for the selected anthocyanidins has a particular effect for each
variant that may be related to the solvent. In all cases, the gas phase displayed the
lower oscillator strength value except for malvidin which presents the lower oscillator

Figure 5.
Emission spectra data using TD-DFT excited states for gas phase and solvents water, ethane, n-hexane, and
methane applied in the next molecules: (a) cyanidin, (b) delphinidin, (c) malvidin, (d) pelargonidin, (e)
peonidin, and (f) petunidin.
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strength value for the solvent methanol. In all cases, the higher oscillator strength
value was observed when used solvent ethanol except for petunidin since it was with
solvent water where the higher value was observed. Oscillator strength and data
obtained for excited states calculations are shown in Table 6.

Cyanidin presented the higher oscillator strength values if compared with each
anthocyanidin variant, and this behavior is maintained when the solvent is included.
For cyanidin, when solvents are added the oscillator strength values increase if

Molecule Solvent State ΔE (eV) λ (nm) Transition Contribution f LHE

(C15H11O6)
+ Gas Phase 1 2.665 465.2 (522*) H-1 - > L 15% 0.769 1.830

H - > L 68%

Water 1 2.576 481.2 H-1 - > L 13% 0.808 1.845

H - > L 69%

Ethanol 1 2.569 482.7 H - > L 68% 0.877 1.867

n-hexane 1 2.677 463.1 H - > L 68% 0.877 1.867

Methanol 1 2.578 480.9 H-1- > L 13% 0.832 1.853

H - > L 69%

(C16H11O7)
+ Gas Phase 1 2.633 470.8 (534*) H-2 - > L 22% 0.662 1.782

H - > L 66%

Water 1 2.460 503.9 H-1 - > L 13% 0.729 1.813

H - > L 69%

Ethanol 1 2.532 489.6 H - > L 69% 0.785 1.836

n-hexane 1 2.700 459.3 H-2 - > L 24% 0.699 1.800

H - > L 65%

Methanol 1 2.540 488.2 H - > L 69% 0.776 1.832

(C15H13O5)
+ Gas Phase 1 2.561 484.2 (542*) H - > L 67% 0.702 1.802

Water 1 2.451 505.8 H-1 - > L 13% 0.764 1.828

H - > L 69%

Ethanol 1 2.531 489.9 H-1 - > L 14% 0.835 1.854

H - > L 69%

n-hexane 1 2.648 468.2 H - > L 66% 0.755 1.824

Methanol 1 2.537 488.7 H-1 - > L 14% 0.601 1.749

H - > L 69%

(C15H11O5)
+ Gas Phase 1 2.672 464.0 (513*) H-1 - > L 18% 0.612 1.755

H - > L 68%

Water 1 2.509 494.2 H - > L 70% 0.712 1.806

Ethanol 1 2.577 481.2 H - > L 69% 0.769 1.830

n-hexane 1 2.760 449.3 H-1 - > L 18% 0.674 1.788

H - > L 68%

Methanol 1 2.586 479.5 H - > L 69% 0.760 1.826

(C15H13O6)
+ Gas Phase 1 2.632 471.1 (532*) H - > L 67% 0.637 1.769
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compared with its gas phase value and the higher oscillator strength values were
observed with ethanol and n-hexane.

Malvidin resembles cyanidin with slightly smaller values for oscillator strength but
a similar trend and in all cases when added a solvent oscillator strength, values
increase aside from methanol which can be considered the only exception.
Delphinidin, pelargonidin, and peonidin resemble cyanidin as well but with smaller
values than malvidin so the difference with cyanidin is bigger in these cases.

Cyanidin presented the higher oscillator strength values if compared with each
anthocyanidin variant and this behavior is maintained when solvent is included. For
cyanidin addition of solvents cause an increase in the oscillator strength values from
the gas phase value with ethanol and n-hexane having the higher oscillator strength
values.

Malvidin resembles cyanidin but with smaller values for oscillator strength with
a similar trend and in all cases when added solvent oscillator strength values
increase with the only exception of methanol. Delphinidin, pelargonidin, and
peonidin resemble cyanidin as well but with smaller values than malvidin so
the difference with cyanidin is bigger in these cases. Also, in these cases, all
values obtained for oscillator strength when added solvents were smaller than
gas-phase oscillator strengths. For petunidin, oscillator strength changes after
solvent addition are moderate, the bigger change was with the addition of water
solvent.

The transition energy for the selected anthocyanidins has a similar trend among all
selected after the addition of the different solvents. For cyanidin, delphinidin,
malvidin, and pelargonidin transition energy for gas-phase decreases for all solvents
except for n-hexane which is the only solvent where transition energy increases. For
petunidin and peonidin, all the prior effects occur with the only difference that using
methanol also presents an increase in the transition energy values if compared with
the gas phase with similar values to those observed in n-hexane.

Molecule Solvent State ΔE (eV) λ (nm) Transition Contribution f LHE

Water 1 2.500 496.0 H - > L 69% 0.724 1.811

Ethanol 1 2.560 484.4 H - > L 69% 0.779 1.834

n-hexane 1 2.734 453.5 H - > L 66% 0.689 1.796

Methanol 1 2.734 453.5 H - > L 66% 0.689 1.796

(C15H12O6)
+ Gas Phase 1 2.574 481.7 (543*) H - > L 67% 0.669 1.786

Water 1 2.455 505.0 H - > L 69% 0.749 1.822

Ethanol 1 2.757 449.7 H-2 - > L 23% 0.682 1.792

H - > L 66%

n-hexane 1 2.657 466.7 H-2 - > L 23% 0.720 1.809

H - > L 66%

Methanol 1 2.657 466.7 H-2 - > L 23% 0.720 1.748

H - > L 66%

*Experimental data from the literature [43].

Table 6.
Excited states emission results for selected anthocyanidins using CIS-TD-DFT.
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Also, in these cases all values obtained for oscillator strength when added solvents
were smaller than gas phase oscillator strengths.

For petunidin, oscillator strength changes after solvent addition are moderate, the
bigger change was with the addition of water solvent.

Transition energy for the selected anthocyanidins has a similar trend among all
selected after the addition of the different solvents. For cyanidin, delphinidin,
malvidin, and pelargonidin transition energy for the gas phase decreases for all sol-
vents except for n-hexane which is the only solvent where transition energy increases.
For petunidin and peonidin, all prior effects occur with the only difference that
methanol also presents an increase in the transition energy values if compared with
gas phase with similar values to those observed in n-hexane.

4. Conclusions

The molecule's structural geometry was analyzed a generally accepted methodol-
ogy with a different basis set. Parameters such as relative angles, dihedrals, main
features of individual rings, and a discussion on each molecule planarity were
included as part of the discussion to relate the main geometry parameters with the
molecule behavior and chemical features. Molecules functionalization with COH3 is
highlighted as an important feature for the structural and energy gap differences in
each molecule geometry structure definition and is directly related with molecular
orbital distribution with a direct effect in gap energy.

MOs and spectra results show there is a good fit with TiO2 and concluded these
pigments may be good dye sensitizers. Malvidin in its gas phase may be a good option
from a gap energy perspective. Solvents increase their gap energy in all cases except
with n-hexane which is the narrower followed by petunidin also with n-hexane. A
good charge transfer feature is important as well and it was assessed with conceptual
DFT. Results show cyanidin, malvidin, and pelargonidin may have a better charge
transfer. A lower as possible electron reorganization energy (λe) and a high LHE are
desirable since this would benefit charge transfer. Cyanidin has the smaller λe with
water, but ethanol and methanol λe resulting values were nearly different. For LHE,
the highest were cyanidin, malvidin, and petunidin with similar values between sol-
vents. Based on our analysis of absorption capabilities for the selected pigments, it is
corroborated cyanidin, malvidin, and petunidin may be acceptable dye sensitizers for
DSSCs and photocatalysis applications.
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Chapter 12

Utilizing Photocatalysts in 
Reducing Moisture Absorption  
in Composites of Natural Fibers
Mohammed Mohammed and Rozyanty Rahman

Abstract

Due to growing environmental consciousness and the depletion of oil supplies, 
numerous efforts have been made to replace synthetic fibers in fiber-reinforced 
composites with natural fibers (NFr). The low cost and abundance of NFr and its 
biodegradability and low density have encouraged researchers worldwide to study 
their potential applications in several industrial sectors. However, NFr has several 
disadvantages: excessive moisture absorption and subsequent swelling and degrada-
tion, low chemical and fire resistance, and insufficient interfacial interactions with 
polymers. Consequently, there is great interest in modifying the surface of NFr using 
a variety of methods. This chapter presents an overview of the NFr, its characteriza-
tion, the problems associated with adding NFr to polymer composites. This literature 
survey suggests an in-depth review of photocatalysis by utilizing photocatalysts 
nanoparticle (PHNPs) aimed at increasing the hydrophobicity and interfacial bond-
ing between the NFr and the matrix Using a photo-induced oxidation mechanism 
to disassemble water molecules, pollutants, and bacteria in a wet environment. 
Additionally, we reviewed the effects of these PHNPs on the moisture absorption, 
mechanical characteristics, and dimensional stability of NFr composites. As a result, 
this review article may make a valuable contribution to researchers interested in coat-
ing and treating NFr to further enhance their surface characteristics.

Keywords: Photocatalysts, natural fiber, surface treatment, moisture absorption

1. Introduction

Environmental concerns and escalating social demand for the adoption of less 
hazardous composites materials have prompted a paradigm shift toward employing 
NFr as a replacement for synthetic and non-renewable reinforcements. This has led 
to the development of what are usually known as “Green Composites,” or composites 
made from biodegradable or renewable raw materials with lower environmental 
effect [1]. The application of NFr in polymer composites is expanding in many sectors 
such as automotive, furniture, packaging and construction. The utilization of NFr 
is based on its advantages including decreased tool wear, inexpensive, light weight, 
high toughness, good specific strength characteristics, ease of separation, improved 
energy recovery, carbon dioxide sequestration, and biodegradability, as well as 
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their sustainable renewable characteristics, and having competitive mechanical 
performance are just some of the significant properties that make them suitable for 
us. NFr are available in a broad multitude of types and are often used as fillers and 
reinforcement [2].

However, NFr reinforced composites have a number of disadvantages, including 
limited wettability, poor fiber/polymer matrix performance, and the ability to absorb 
more water and moisture [3]. For the majority of NFr users, the influence of moisture 
absorption properties on NFr-reinforced composites became a warning signal. In 
reality, this absorption destroys the adhesion force between the fiber and matrix 
in an enormous manner. Subsequently, it diminishes the composite’s strength in a 
manner proportional to the absorption duration or nature. In addition, it results in 
inadequate stress transfer and ultimately specimen fracture over time. The moisture 
absorption involves the following mechanisms: at first, the water molecule penetrates 
the micro gaps that are present within the chains, then the penetrated water diffuses 
deep within the chain via the capillary transport mechanism, and finally, the fibers 
swell due to the micro gaps [4]. The hydrophilic nature of NFr and the presence of 
components such as wax and pectin preclude an efficient reaction with the thermoset 
or thermoplastic polymer, therefore preventing the reinforcement and matrix from 
bonding better. Improved bonding between NFr and resin is critical for stress trans-
mission from the matrix to the reinforcement. As a result, a weak interface reduces 
the physical and mechanical characteristics of composites [5].

To resolve this concern, chemical treatments of NFr are utilized to enhance the 
physical, mechanical, and thermal characteristics of the composites. According 
to Edeerozey et al. and Baiardo et al., chemical treatments can increase interfacial 
interaction between NFr and polymer matrix by diminishing the hydrophilicity 
of NFr, cleaning the surface of NFr, augmenting fiber roughness, and lowering 
moisture content of NFr [6, 7]. The numerous chemical processes were conducted 
for NFr, such as alkaline, silane, and stearic acid. Further studies have shown that 
the chemically treated NFr composite materials have superior tensile, bending, 
impact, and interlaminar shear strengths and hardness levels compared to untreated 
composites.

According to Njuguna et al., PHNPs are a promising filler material for improv-
ing the mechanical and physical characteristics of NFr polymer composites while 
lowering moisture absorption [8]. Since nanoscale fillers are often defect-free, their 
applications in polymer composite area setup can overcome the limitations of the 
traditional/conventional micrometer scale. Owing to the uniform and homogenous 
dispersion of PHNPs, a large matrix-PHNPs interfacial area is formed, which influ-
ences relaxation behavior and ensues the mechanical, molecular mobility, and 
thermal characteristics [9, 10]. PHNPs are often found in the minor zone., whereas 
just a few microparticles contribute to the deformation of the plastic area. This 
enables PHNPs to enhance the fracture and mechanical characteristics of fragile 
matrixes. PHNPs with a higher surface area are of particular interest because they 
provide superior reinforcement for the production of nanocomposites [9]. PHNPs are 
typically included as a percentage of the total weight of the composite for nanocom-
posite advancement [11]. The particular surface area of PHNPs has a significant effect 
on the composite characteristics, which is continuous. The basic principle behind 
nanocomposites is to make a high interface between the PHNPs and the matrix. The 
homogenous dispersion of PHNPs is frequently problematic [12]. Nanocomposites are 
a type of high-performance material that has exceptional characteristics, combina-
tions, and design options [13].
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Despite the fact that review papers and even books have been published on the 
totality impact of surface treatment on NFr in terms of moisture absorption, mechan-
ical performance, and morphology [2, 14], the researchers believe that a precise book 
or review papers on the overall surface treatment with PHNPs is an essential first 
step in providing immunity to NFr polymer composites against quick and unneces-
sary degradation, resulting in the production of NFr polymer composites with high 
water repellency and strength properties, has not yet been published; nevertheless, 
it is anticipated that such a book will be of considerable importance to the composite 
scientific community. In the published literature, we found no review or book has 
been written to evaluate the impact of surface treatment with inorganic PHNPs on 
the hydrophobicity of NFr and relate that with improving the mechanical, physical, 
and chemical attributes of its composite. In order to achieve this goal, we tabulated 
in Table 1, the effects of the incorporation of PHNPs into NFr on moisture absorp-
tion and mechanical properties. The findings will serve as a scientific benchmark for 
developing high-performance polymer composites incorporating NFr as reinforce-
ment, particularly for use in building applications such as floor decking, door and 
window frames.

2. Compositions and natural Fibers properties

To acquire a thorough grasp of the degrading issues, it is vital to first fathom the 
nature and compositions of NFr. NFr are categorized according to whether they 

Polymer/ 
NFr-nanocomposites

Result of integration of Nano particles into NFr Reference

Epoxy/banana fiber/ nano 
clay

(a) The nanoclay-infused banana fiber composites enhanced 
compressive yield stress, modulus, and strength by 17%, 2 
times, and 43%, respectively (b) Microscopy Examination 
demonstrated that nanoclay infusion in fiber enhanced fiber-
matrix interfacial and load transfer characteristics, resulting 
in a higher level of property enhancement.

[15]

unsaturated polyester resin/
sisal fiber/ Multi-walled 
carbon nanotubes

The produced composite displayed appreciable mechanical 
and acoustical characteristics

[16]

Epoxy/Flax fiber/ nano 
titanium dioxide

composite material projected best flexural strength, impact 
strength and the hardness value with an increase of 25.05%, 
24.29% and 16.01% respectively.

[17]

Polypropylene/wheat straw 
fiber/nano titanium dioxide

(a)Composite exhibited excellent UV-shielding properties in 
the range of 100–200 nm(b) exhibited the highest flexural 
(29.27 MPa), tensile (14.38 MPa), and impact (4.55 kJ/m2) 
strengths.

[18]

Epoxy/Coccinia Indica 
fiber/nano clay

(a) The experimental evidence shows that the increase in 
weight percentage of nanoclay enhances the tensile, flexural, 
impact, compression properties of the treated Coccinia Indica 
fiber reinforced epoxy composites (b) the presence of 3 wt.% 
nanoclay provides better interfacial adhesion between fibers 
and matrix

[19]

Table 1. 
The implications of integration of PHNPs into NFr.
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originated from plants, animals, or minerals. The major component of NFr generated 
from plants is cellulose fibrils embedded in lignin matrix. Figure 1 demonstrates the 
structure of a biofiber. Three secondary cell walls and a primary cell wall make up the 
complicated layered structure of each fiber. The thick middle layer of secondary cell 
walls governs the mechanical characteristics of fiber. It is composed of a series of heli-
cal microfibrils generated from long-chain cellulose molecules. Each cell wall consists 
of three primary elements: cellulose, hemicelluloses, and lignin. Lignin-hemicelluloses 
serve as the matrix, whereas microfibrils (composed of cellulose molecules) serve as 
the fibers [20, 21]. Other constituents consist of pectins, oil, and waxes [21, 22]. The 
most important structural element of many NFr is cellulose, a natural polymer with 
three hydroxyl groups per repeating unit. Cellulose is resistant to hydrlolysis, strong 
alkali and oxidizing agents. However, when exposed to chemical and solution treat-
ments, cellulose degrades to some extent. Hemicelluloses are polysaccharides with a 
reduced molecular weight that act as a cementing matrix between cellulose microfibrils 
and are the fundamental structural component of the fiber cell. Because it is hydro-
philic, weak acids and bases can quickly hydrolyze it. Lignin is a complex hydrocarbon 
polymer that provides plants their stiffness and aids in water transport. It is hydropho-
bic, resistant to acid hydrolysis and the assaults of most microbes, soluble in hot alkali, 
rapidly oxidized, and readily condensable with phenol [23].

3. Challenges for natural fiber as a reinforcement in polymer composites

3.1 Moisture absorption

Humidity aging is well acknowledged as a significant contributor to the long-
term degradation of an organic matrix subjected to the environment or in contact 
with an aqueous medium. Moreover, humidity aging has a detrimental influence 
on the mechanical characteristics and dimensional stability of composites [24]. 

Figure 1. 
Schematic representation of structure of natural fiber.
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Consequently, it is critical to research the moisture absorption behavior of NFr 
composites to determine the possible impacts of the absorbed water and the durabil-
ity of the NFr composites utilized in the humidity environment [25, 26]. The majority 
of studies believe that moisture penetrates composite materials through three distinct 
mechanisms. The primary process is due to water molecules diffusing into the micro-
gaps between polymer chains. The second mechanism includes capillary transporta-
tion through the holes and defects caused by insufficient wettability at the interfaces 
between the fiber and matrix. The third mechanism is the transfer through micro-
cracks formed in the matrix during the combining process with fiber or due to fiber 
swelling [26, 27]. Moisture quickly hydrolyzes matrixes such as polyester, resulting 
in a reduce in molecular weight of polymer [24, 28]. Temperature and humidity have 
an impact on the rate of decomposition of NFr [28]. In a humid climate, this would 
significantly lose mechanical characteristics for NFr [29]. The loading of NFr has a 
significant impact on the moisture absorption characteristics. IAS et al. [30] evalu-
ated the impact of fiber loading (10–40 wt%) on the moisture absorption capacity of 
a kenaf/polyester composite at ambient temperature. Moisture absorption increased 
with increasing fiber volume in composites, it was reported. The water uptake process 
of a NFr is shown in Figure 2.

4. Impact of surface treatment of natural fiber on moisture absorption

Numerous drawbacks of NFr include decreased strength, decreased interfa-
cial adhesion, poor moisture absorption resistance, and reduced durability and 
dimensional stability. To overcome these constraints, different methods for NFr 
modification have been proposed [31]. Four different approaches are used for treating 
NFr, physical processes, chemical methods, biological methods, and nano enhance 
photocatalysis treatment. These revised techniques have varying degrees of efficacy 
in enhancing the mechanical properties of fibers, adhesion between matrix and fiber, 

Figure 2. 
Schematic representation of impact of moisture on Fiber-Matrix Interface.
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and improving various characteristics of the end products [32]. However, moisture 
absorption leads to debonding between NFr and the matrix, because of the high 
susceptibility of NFr to moisture, leading to a significant decrease in the mechanical 
characteristics of the NFr composite [27]. This is because NFr in nature is polar and 
hydrophilic due to the existence of non-cellulosic components (i.e., pectin, lignin, 
and hemicelluloses), because it makes moisture absorption possible through the 
availability of functional groups such as hydroxyl (OH) and carboxylic acid [33]. 
Low fiber bonding with a polymer matrix generates empty areas surrounding organic 
composite fibers, resulting in increased moisture absorption. Fiber modification 
through alkalization will minimize moisture content. Potassium hydroxide or sodium 
hydroxide is frequently employed to remove open groups of hydroxyls that bind to 
water molecules [22]. Additionally, it removes hemicelluloses and reduces the capac-
ity of fiber to absorb moisture. This combination results in the formation of chemical 
and hydrogen bonds, which retards the degradation of the NFr-matrix interface 
caused by humidity [34].

There are certain limitations to utilizing the physical, chemical, and biological 
treatments, such as obtaining optimal chemical concentrations to avoid additional 
delignification of the NFr because greater concentrations might weaken and deterio-
rate the NFr, as reported by Alnaid et al. [35] and Dahham et al. [36]. The chemical 
compounds that are employed in treating NFr will continue to damage the fibers after 
exposure to weathering if they are not thoroughly cleaned after-treatment process, 
eventually leading to severe fiber swelling and disintegration. Furthermore, the NFr 
composites treated with these techniques have a low UV resistance, resulting in UV 
deterioration of composite components, such condition contributes to more inter-
laminar delamination and more brittleness of the composites when placed under high 
loads [23].

5. Mechanism of repellence moisture via photocatalysts nanoparticle

Photocatalysis is a viable environmental protection process because it can 
oxidize small quantities of organic contaminants into benign compounds [37, 38]. 
Photocatalysis employs PHNPs to perform a photo-induced oxidation rection in 
order to degrade organic pollutants, inactivate microorganisms, and break down 
water molecules [39, 40]. Figure 3 depicts the photocatalysis process. When photons 
with energies higher than the band gap energy of PHNPs are absorbed, the valence 
band (VB) electrons in PHNPs are excited to the conduction band, which opens up a 
variety of potential photoreactions. With sufficient photo energy, the photocatalytic 
surface produces a positive hole (h+) in the valence band and an electron (e) in the 
conduction band (CB). The positive hole may either directly oxidize organic contami-
nants or generate highly reactive hydroxyl radicals (OH•). The major oxidants in the 
photocatalytic system [41] are the hydroxyl radicals (OH•), which oxidize organics. 
The electron in the conduction band decreases the amount of oxygen adsorbed by 
PHNPs. TiO2, ZnO, and Fe2O3 are only a few of the semiconductors that could be used 
as PHNPs. The band gap energy plays a crucial role in the photocatalytic process. 
The bandgap is defined as the void area that extends from the uppermost portion of 
the filled valence band to the lowest part of the unoccupied conduction band and is 
determined to be around 3.3 eV for ZnO nanoparticles in its crystalline state [42]. 
Thus, the light of a specific wavelength (i.e., ultraviolet radiation (UV)) contains 
enough energy to promote electrons (e-) to the conduction band while leaving an 
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electron–hole (h+) behind. Both the hole and electron can typically be recombined 
very quickly [43]. They can also migrate to the surface of the PHNPs as a result of 
their reaction with the adsorbed elements, initiating (i) the reaction between the 
electron and the oxygen and (ii) the reaction between the hole and the hydroxyl ion 
or H2O molecule to form superoxide and hydroxyl radicals, as shown in Figure 3 the 
photocatalysis process of PHNPs.

The majority of experts concur that there are five distinct mechanisms involved 
in the moisture-repelling action via photocatalyst nanoparticles. The first mechanism 
involves PHNPs were able to penetrate through the cell wall of the NFr and deposited 
mainly in the cell lumens and partly in the cell walls of the NFr. It is expected that 
the physical and mechanical characteristics of the resultant NFr would be altered to 
varying degrees since the PHNPs are present in both cell walls and lumens [44, 45]. 
Hygroscopicity of the modified NFr was reduced because the inorganic PHNPs were 
integrated into the cell wall and were likely occupying empty space (micropores) 
inside the cell wall that would otherwise be accessible to water molecules [46, 47]. By 
establishing hydrogen bonds with inorganic PHNPs, the hydroxyl groups of NFr cell 
wall components, which are principally responsible for water absorption, may have 
been inhibited, hence lowering the hygroscopicity of NFr. As similar study conducted 
by Mohammed et al. [48] showed that integration of zinc nano particle is proposed; 
the water repellent capability is good enough to achieve the high performance of the 
composite with proper system formulation during the modification process.

The second mechanism involves the incorporation inorganic PHNPs into cell 
walls of the fiber decreases the capacity of the cell wall to swell owing to bulking, 
therefore increasing the dimensional stability of the impregnated NFr. Indeed, only 
inorganic PHNPs integrated into the cell wall are predicted to affect the hydrophilic-
ity and dimensional stability of NFr significantly. In contrast, those deposited in the 
cell lumen are anticipated to have a negligible effect [49]. Moreover, by incorporat-
ing inorganic PHNPs into the NFr cell wall, the cell wall elements are expected to 
be coated with water-repellent inorganic PHNPs, which may stop water molecules 

Figure 3. 
Schematic representation of the photocatalytic mechanism of ZnONPs (a) before exposure to UV, (b) after 
exposure to UV.
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and moisture from reaching them, thus slowing swelling of NFr and improving NFr 
dimensional stability [48, 50, 51].

Due to the presence of inorganic PHNPs in the cell wall and on the fiber surface, 
the third mechanism includes strong static electric forces that may attract the nonpolar 
polymer surface to the NFr. As a result of the compatibility between the NFr and the 
polymer matrix, the mechanical characteristics of the composites will be improved 
and their moisture absorption will be reduced. Electrostatic adhesion is a common 
bonding mechanism in which opposite charges (cathode and anode) are formed on the 
fiber and matrix surfaces. This results in two layers of opposite charges at the interface, 
which enhances the attraction between the fiber and matrix of the composite [52, 53]. 
Electrostatic discharge treatments were applied to the surfaces of polymer and electro-
static fibers to promote electrostatic adhesion at the interface region between matrix 
and NFr, thereby improving the transfer the stress from matrix to NFr leading to 
enhancing performance of the NFr composites [54]. In other words, the incorporation 
of the inorganic PHNPs into the micropore structure of the fiber cell walls can dimin-
ish the microvoid volumes in the fiber, as well as decrease air bubble formation during 
the composite manufacturing process [55]. Figure 4 illustrates schematic representa-
tion of interfacial electrostatic bonding mechanisms between fiber and matrix.

According to Stark [56], moisture penetration increases as the number of moisture 
channels within NFr composites increases; consequently, the fourth mechanism refers 
to the addition of inorganic PHNPs as an additive to close these pathways and reduce 
moisture absorption. However, greater density NFr composites have lower moisture 
content and less swelling than untreated NFr composites [57]. This is because the 
inorganic PHNPs enhance the density of the composite. Therefore, by incorporating 
inorganic PHNPs, it is possible to lower the loading of NFr present in composites 
while simultaneously rising the tensile strength of the NFr composites [45, 58]. 
According to specific research, reducing the fiber loading improves the tensile 
strength of composites, whereas rising the fiber loading results in increased moisture 
absorption of composites depend on NFr as ingredients [59, 60].

PHNPs play two key roles in the water repellence mechanism of NFr composites via 
the fifth mechanism. Figure 5 shows that when NFr absorbs a water molecule, the critical 
radius of PHNP atomic structures increases, pushing NFr molecules to press outward and 
be released to the composite surface, which is warmed by UV absorption [44]. Second, 

Figure 4. 
Schematic representation of electrostatic adhesion mechanisms between Fiber and matrix.
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suppose the water molecule is straight or near the composite surface. In that case, PHNPs 
will initiate an oxidation process with the assistance of radiated energy, resulting in the 
breakdown of the water molecule into H+ and OH- [44].

Raghupathi et al. [61] revealed that enhanced Active Oxygen Species (ROS) gen-
eration from PHNPs during UV exposure resulted in higher PHNPs activity, which 
regenerated the NFr water repellency mechanisms. These reactive species include 
anion of superoxide (O2), peroxide of hydrogen (H2O2), and hydroxide (OH-). The 
formation of ROS during the dark has been noticed by Hirota et al. [62] who tested 
ZnO-NPs toward E. Coli. They observed that activity might occur in the dark, which 
is consistent with the findings of Jones et al. [63] such unambiguous findings imply 
that new methods for producing reactive species in the absence of light and the dark 
are likely to be discovered in the future.

The activation of PHNPs by UV light can be represented by the following steps:

         − ++ → +PHNPs hv e h                                       (1)

                  − −+ →2 2e O O                                                      (2)

In this reaction, h+ and e- are powerful oxidizing and reductive agents respectively. 
The oxidative and reductive reaction steps are expressed as:

Oxidative reaction:

             + + → 2h Organic CO                           (3)

             + − ++ → +2h H O OH H               (4)

Reductive reaction:

                                                      + → 2OH Organic CO  (5)

Figure 5. 
Illustration proposed reduction and oxidation reactions by PHNPs.
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6. Conclusions

This chapter reviewed the research on NFr-reinforced composites and the con-
straints that have emerged in their development and serviceability. These constraints 
must be addressed in order to utilize the potential of NFr successfully. To begin, 
a suitable surface treatment of the fiber should be performed. Additionally, the 
study discusses the literature on NFr treatments that researchers have employed to 
decrease the moisture absorption of NFr composites and increase the compatibility 
of NFr with the polymer matrix. Many surface treatments are available, such as 
sodium chlorite, methacrylate, silane, peroxide, enzyme, plasma, ozone treatment, 
etc. Furthermore, the study describes how surface treatments-based photocatalysts 
nanoparticle could increase NFr adhesion to their matrix and reduce NFr moisture 
absorption. Therefore, surface treatments with PHNPs can be regarded for modify-
ing the characteristics of NFr. Moisture resistance and fiber-matrix adhesion can be 
improved by including specific PHNPs, such as Zinc oxide, titanium dioxide, and 
copper oxide, inside the cell wall and on the surface of NFr. In addition, these PHNPs 
exert a high electric static attraction on the nonpolar polymer surface, enhancing 
the compatibility of the fibers with the polymer matrix. Water-repelling inorganic 
PHNPs are projected to cover the cell wall components, which could prevent water 
molecules from accessing the wall components, delaying their swelling and decreas-
ing moisture absorption rate of NFr. The review is given here will aid researchers in 
better comprehending the many characteristics of NFr composites, therefore facilitat-
ing the development of novel green materials with enhanced performance. However, 
research in this field is extensive, and the current literature discusses using photocata-
lysts nanoparticle in reducing the moisture uptake by NFr. As a result, it is essential 
to do a thorough analysis of the current literature to understand the pros and cons 
of photocatalysis treatment for the specific requirements. In light of this review, it is 
advised that more research be conducted to determine the impact of matrix modifica-
tion and fiber length on the characteristics of NFr composite materials.
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Chapter 13

New Strategy to Improve 
Photocatalytic Activity and 
Mechanistic Aspect for Water 
Splitting
Tanu Mittal

Abstract

Photocatalytic water splitting under irradiation of light is an ultimate system to 
make available renewable energy sources. However, significant efforts have been 
made to fabricate advanced nanocomposites; the major challenge persists, which is 
low efficiency and selectivity towards hydrogen evolution under the illumination of 
solar energy. In this chapter, the recent developments in photocatalysts, and hetero-
junction fabrication factors influencing the photocatalytic process for the dynamic 
production of hydrogen have been discussed. The improvements in photocatalyst 
systems have been classified as strategies to improve different factors of photocata-
lytic splitting such as Z-scheme systems and the influence of operating parameters 
such as band gap, morphology, temperature, oxygen vacancies, intensity, and pH. In 
addition, the thermodynamics of selective photocatalysts is conferred critically. The 
future research aspect of photocatalytic water splitting has been also discussed.

Keywords: water splitting, nanocomposite, photocatalyst

1. Introduction

Global energy consumption has remarkably increased due to the continual 
increase in world population and lifestyle standards [1]. Transportation and indus-
trial sectors lead to high emissions of greenhouse gases including carbon monoxide, 
and carbon dioxide, 90% of the global energy and fossil fuel supply amounting to 
substantial depletion of the environment [2, 3]. Eventual depletion of energy sup-
plies, market uncertainty, and mitigating the consequences of fossil fuel burning 
demands the development of clean and renewable resources of energy [4–6]. There 
are several alternative energy sources, including geothermal energy, hydropower, 
wind power, and solar energy, which are relatively cleaner and more sustainable than 
fossil fuels. However, the substitution of natural resources with alternative resources 
is much more challenging due to the limitations of each resource. Such as we cannot 
store the electricity which is produced by wind turbines. Hydropower undergoes 
dam construction limitations due to possible adverse environmental effects and high 
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costs. Geothermal energy is a costly operation because it is a continuous source and is 
limited in its lifetime [7]. Renewable and free solar energy is unlimited and capable 
of producing electricity without any maintenance or requirement of having turbines. 
Half an hour of solar radiation on the earth’s surface can be used for 1 year [8].

Though, sunlight is an intermittent energy source that limits the ratio of solar 
radiation due to its dependence on the geographical season, day, time, and position  
[9, 10]. Another major disadvantage of solar energy is its low density per unit area 
of the earth’s surface [11]. Therefore, to meet the global energy demand it is very 
necessary to develop a source of energy that is continuous, storable, and renewable. 
In this line of research, hydrogen is a profitable fuel for being profuse from different 
sustainable sources of water and biomass, high energy yield and efficiency, eco-
friendly and capable of storage, thus it is considered an ideal alternative source of 
energy for nonrenewable energy source [12, 13]. Photocatalytic water splitting has 
attracted considerable attention as a potential renewable energy resource with limited 
use of fossil fuel and no CO2 emission [1–4, 14]. Recent development in photocatalytic 
systems for photocatalytic water splitting can be divided into two main approaches. In 
the first approach, water is split into hydrogen and oxygen by visible light irradiation 
on the photocatalyst. In this type of system, the photocatalyst should have the suitable 
thermodynamic potential for photocatalytic water splitting. The narrow band gap of 
the photocatalyst system harvests visible light photons and provides stability against 
photo corrosion. Due to the rigorous requirement of photocatalyst, one-step water 
splitting is limited [5, 6]. The second approach is to apply a two-way mechanism by 
using two different types of photocatalysts [7]. These mechanisms were inspired by 
the natural photosynthesis phenomenon in green plants and are called the Z-scheme. 
The advantage of water splitting under the Z scheme is that a wider range of visible 
light is available because a change in Gibbs free energy is required for the one-step 
water splitting for the separation of water molecules and oxygen. Use of semiconduc-
tors used for either reduction or oxidation potential for one side of the system. For 
example, use of metal oxides such as WO3 & BiVO4 act as good oxygen evolution 
photocatalysts in two-way water splitting systems by using a suitable redox media-
tor, even though they are unable to reduce water [8, 9]. Overall water splitting via 
two-step photoexitation by the use of visible light and with different combinations 
of photo catalysts has been successfully reported [8–13, 15, 16]. However, there are 
several challenges in the promotion of electron transfer between two semiconduc-
tors. In addition, the photocatalytic activity of water splitting is strongly dependent 
on the physiochemical properties of photocatalysts such as the nature of active sites 
and the reaction conditions [2, 3, 14]. In past decade there are a number of material 
have been reported as a visible light active photocatalyst, which produces both oxygen 
and hydrogen under visible light irradiations [1, 4–17]. However, a number of photo-
catalysts have successfully achieved water splitting without any reagent. Significant 
progress has been made in the development of cocatalysts and the interpretation of 
reaction mechanisms. This perception of the mechanism highlights some important 
aspects of the recent development in water-splitting research.

2. Mechanistic aspect for water splitting

In the development of overall photocatalytic water splitting under visible light 
a number of photocatalytic materials and preparation methods have been studied. 
A number of studies have focused on the material development of materials that 
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are suitable for overall water splitting and their visible light absorption properties, 
crystallographic quality, phase purity, band edge position, and particle morphol-
ogy. However, it is very challenging to identify the factor which dominates the net 
photocatalytic activity based on physical properties. Photocatalytic reactions proceed 
through an intricate sequence of competing for multistep processes. This multistep 
process establishes the kinetics and dynamics of photocatalytic water-splitting 
reactions for future applications [18]. The rate of water splitting with the modified 
photocatalyst was proportional to light intensity under solar irradiations. Excess 
loading of the co-catalyst did not improve the photocatalytic water splitting rate. The 
experimental results define the shortage of photo-exited carriers available for surface 
redox reactions under visible irradiations, this indicates that the balance between the 
rates of redox reactions on the surface of photocatalyst and charge carrier recombina-
tion in the bulk photocatalyst determines the charge concentration in the photocata-
lyst. The kinetic model of photocatalytic water splitting also determines the rate of 
reaction and probability of photoexcited holes for oxygen evolution and recombina-
tion. It was easy to assume two different co-catalyst distinctly facilitate hydrogen and 
oxygen evolution thereby stimulating overall water splitting in harmony. As stated 
earlier, visible light-responsive photocatalyst has been devoted to the development of 
active sites on photocatalyst and elucidating reaction mechanisms, which leads to sig-
nificant progress in the field of heterogeneous photocatalytic water splitting [18–31]. 
Conversion of solar energy most efficiently can achieve overall water splitting under 
longer wavelength irradiation; this is because the number of accessible photons in the 
solar spectrum increased with an increased wavelength of the solar spectrum.

In this line of research, the development of a photocatalyst having a wider absorp-
tion band is highly desirable for overall water splitting. Although, a photocatalyst 
with an absorption edge of 600 nm would be optimal for the activation of the surface 
barrier and so surface reactions that can produce hydrogen and oxygen. The most 
promising candidates in this category have already developed, such as LaTiO2, Ta3N5, 
and Ti2S2O5 with a band gap of 2 eV which means they have an absorption edge 
near 600 nm [2]. However, the photocatalytic activities of these materials are not 
sufficient to achieve overall water splitting. Recent progress has been also made in 
material chemistry towards reducing the density defects [13, 31]. Consequently, it 
is very important to study the nature of defects, which can facilitate the undesirable 
electron–hole pair recombination in the photocatalytic system. In a two-step, a water-
splitting system for BaTaO2N12 and Ta3N5 the absorption, the wavelength has been 
increased to 660 nm [16]. The research in this area is underway in direction of both 
photo catalyst preparations and mechanistic aspects of water splitting processing in 
harmony.

3. Band structure and surface properties for photocatalytic water splitting

Photocatalytic activity of water splitting reactions has been affected by various 
factors such as surface structure chemical functionality deactivating destructive 
surface state, band edge position, and extract of carriers to improve catalytic activity 
[32, 33]. In spite of surface area properties responsible for the photocatalytic activ-
ity, there is an adjustment between charge diffusion length and light absorption. 
An increase in surface area may lead to a decrease in photovoltage and an increase 
in the surface recombination process. Therefore, before surface modification, it is 
necessary to study the loss mechanism. It can be observed that sheet-like structures 
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exhibited higher light absorption capacity in comparison with spherical morpholo-
gies. The band gap shift towards lower energies with the reduction in crystallite size 
[34]. The most important example of this is BiVO4 with a narrow band gap of 2.4 eV 
with control and desirable structure and morphology which is mandatory for the 
photocatalytic activity [35, 36]. Photocatalytic activity if BiVO4 depends upon the 
facets which are exposed to irradiations [37]. Improved photocatalytic activity due to 
charge separation is reported for CdS/ZnO and CDs/TiO2 heterostructure [38–41]. 
The incorporation of cations and anions into UV-active materials turned into visible 
light-active materials.

4. Photocatalytic water splitting modeling

Theoretical modeling studies of water splitting concern a number of aspects such as 
electron–hole transport/recombination, photocatalytic reaction, semiconductor band 
edge alignment, and photo redox chemistry [27–34]. DFT has been used extensively for 
the theoretical modeling of water splitting to predict the electronic structure of materi-
als due to the modest cost and high accuracy reproducibility [35, 36, 42, 43]. However, 
the inaccurate predictions of band gaps are the major drawback of DFT. Hybrid materi-
als have better performance for the prediction of band gap and the exited state position 
[44]. The band gap drawback and problems is tackled by perturbation theory which 
has a long-standing record of success [45, 46]. Computational methods are very help-
ful, especially in the prediction of impurities in photocatalysts induced by dopants in 
tuning with band gap for example TiO2. Theoretical and computational tools are given 
an understanding and idea about various aspects of material and its state. For example, 
BiVO4 in the band structures and density of states, migration energy profile of surface 
reactions, band structure, and density state, electron/hole pair generation comprehen-
sive study. Also, electron–hole pairs driven to different crystal facets [47, 48]. All of 
these findings can obtain from comprehensive computational studies that are related to 
or compared with facet (011), (010) have lower absorption at 420 nm, better transport 
of electron–hole pair, and lower potential energy surfaces [49]. Theoretical studies are 
related to the improvement of band structure and morphology of the photocatalytic 
material.

5. Photocatalytic material description and design

As per earlier studies, a suitable photocatalyst should have a band gap of at least 
1.23 eV for overall water splitting. High crystallinity and small particle size are major 
requirements to minimize the recombination of photo-generated electrons and holes. 
Metal oxide, nitrides, sulfides, phosphates, Groups I and II metals along with their 
lanthanides can also be used as photocatalytic material for overall water splitting. For 
the improvement of the efficiency of the photocatalyst, modification of material by 
doping some transition metal cations can help to increase the visible light response 
of the photocatalyst. Also, to exclude the energy backward reaction of water split-
ting and to increase the hydrogen production yields co-catalyst such as RuO2, Au, Pt, 
and NiO can be used. This section of the chapter has focused on the heterogeneous 
photocatalyst including TiO2 and metal oxides.

Fujishima and Honda first confirmed that TiO2 was a potential photo-anode 
for UV light active photocatalytic water splitting. TiO2 has been widely studied in 
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a number of photocatalytic reactions due to its low cost, environmentally friendly 
nature, chemical stability, and tunable energy band gap [50–54]. A number of 
alternative methods have been reported to extend the photocatalytic activity of TiO2 
into the visible light region, such as by doping with metal ions e.g. Carbon nanotubes 
[55, 56]. However, altered mechanistic methodologies have been proposed to explain 
this enhancement of activity. There are three mechanisms that have been reported 
to describe the synergistic effect of carbon nanotubes on TiO2, the first prospective 
mechanism is that carbon can act as an electron sink, which can effectively prevent 
the recombination process [57]. In another mechanism, carbon acts as a photosen-
sitizer, which can pump electrons into the TiO2 conduction band [58]. In addition to 
proposed mechanisms, carbon can also act as a template for the dispersion of TiO2 
nanoparticles to avoid agglomeration [59]. Further nonmetal ion doping and metallic 
dopants usually add additional energetic levels in the band gap, which will reduce the 
energy barrier and introduce a new absorption band gap [58, 59]. Doping of TiO2 with 
other elements can help to change the optical properties of nanomaterial and reduce 
the charge carrier recombination sufficiently s. Piskunov et al. suggested improve-
ment in water splitting of TiO2 doped with Fe, where Fe2+ and Fe3+ act as centers for 
electron trapping and Fe3+ & Fe4+ act as a center for hole trapping. Lu0 et al. con-
firmed the doping of vanadium into the crystal lattice of TiO2 that shifts the absorp-
tion band to the visible range and V4+ V5+ efficiently traps the holes and electrons. 
Further, anionic doping has been extensively reported for TiO2 by different dopant 
materials such as C, N, F, S, B, and sCl [58, 59].

Further, other than TiO2 a number of metal Oxides such as Cu2O, Al2O3, CoO and 
ZrO2, Fe2O3, and Ta2O2 have been widely studied due to their low cost and stability. 
However, metal oxides suffer from limitations due to their large band gaps which 
limit their absorption of visible light. Ionic bonded materials have a large band gap 
because, in a typical metal oxide, the valence band and the conduction band have 
O2p. To overcome this shortcoming transition metal cation has been used with dn 
configuration for example Fe2O3 with the band gap value (2.0 eV) and Co3O4 91.3 eV 
[31]. This may lead to an increase in light absorption but a decrease inefficient charge 
carrier transport due to high resistivity. Using post-transition metals such as PbO 
(2.1 eV), SnO2 (2.4 eV), and Bi2O3 (2.5 eV) leads to better charge carrier generation 
however they are indirect semiconductors; so the optical absorption band edge varies 
with the square root of photon energy and gives less efficient charge carrier extraction 
process Therefore ternary metal oxides have been suggested to overcome these issues, 
for example, Bi20TiO32, SnNb2O6 and BiVO4 [31, 35]. Properties of n and p-type semi-
conductor properties have been found in BiO4 and high photon to current conversion 
efficiency [59]. In addition, Fe2O3 as photocatalytic material has a band gap of 2.2 eV 
which allows photon absorption under the irradiation of visible light. Morales-Guio 
et al. have proposed a photocatalyst of amorphous iron-nickel oxide (FeNiOx) for the 
oxygen evolution reaction. Similarly, WO3 has been considered a good photo anode 
material due to its suitable valance band position, which favors a high water oxidation 
potential.

In addition, Amer et al. have suggested ZrO2 modification with the deposition of 
ZrN on ZrO2 thin layers for the preparation of core-shell structures which are visible 
light active. However, Moniz et al. stated that the main drawback of WO3 is its insta-
bility towards corrosion. Due to the low e.g. of these materials, these can be modified 
with doping with metal cations or by combining with other semiconductors to form 
heterojunctions. Sivula et al. have confirmed a WO3/Fe2O3 heterojunction for better 
water oxidation due to its suitable band gap and proper alignment between WO3 
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and Fe2O3 metal oxide which leads to better electron transfer at the host and guest 
interface. Ta2O3 (Tantalum Oxide) has been considering an attractive semiconductor 
for overall photocatalytic water splitting because of its wide band gap value (4 eV), 
further it is required to narrow the band gap by doping with some doping ions. It is 
also mentioned by Lu et al. that Ta2O5 nanowires as an active photocatalyst with a high 
rate of hydrogen generation. Recently, Zhu et al. reported Ta2O3 nanowires that were 
modified by an aluminum reduction for the improvement of electron density and 
photoelectrochemical overall water splitting of the material.

6. Conclusions

One of the most promising steps towards generating clean and renewable alterna-
tives to fossil fuels is hydrogen production from solar energy by using photocatalytic 
materials. Different approaches have been employed in order to use solar energy more 
efficiently and to shift the photocatalytic activity in the visible range with stability 
and efficiency. TiO2 has been used most widely as a photocatalyst however it has also 
some limitations such as:

• high hydrogen overpotential, wide band gap, and increased recombination of 
electron–hole pairs. Other metal oxides such as copper oxide, zinc oxide, and 
iron oxide have been also discussed as photocatalytic materials.

• Nitrides and composite materials have been also reviewed. Efficient water split-
ting depends on the innovative design of photocatalytic material. In addition, 
recent studies on heterojunction photocatalysts have also studied the nature of 
charge transfer.

• Carbon-based material heterojunctions are feasible future routes for the efficient 
design of photocatalysts. The architecture of the heterojunction influences 
photocatalytic activity and could potentially lead to great improvements.

• The future development in direction of photocatalytic water splitting is focused 
on the development of an efficient photoanode with a band edge with a redox 
potential of water and increased charge transfer under visible light with stability.

• Computational and theoretical modeling could help to understand the electronic 
density state and band structure. Therefore, the rational design of the photocata-
lyst leads to better overall water splitting’s. Computational screening is an emerg-
ing field that will be used in the selection of material and design of junctions to 
yield optimized band structures.
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Abstract

Metal-air batteries with the aid of high theoretical energy density and affability are
trusted as propitious energy storage systems in today’s energy research. However,
enforcement of the technology is still hindered by the sluggish kinetics of their electrode
reactions, that is, oxygen evolution and oxygen reduction reaction (OER/ORR). Devel-
oping a catalyst with inherently greater bifunctional activity and durability is the finest
solution to confront the aforementioned challenges. Transition metal oxides (TMOs) are
the most appropriate choice of materials for that purpose since they are highly active,
inexpensive, abundant and non-hazardous. Among the various transition metal oxides,
MnO2 and Co3O4 are gaining much attention due to their superior bifunctional perfor-
mance and alkaline stability owing to their structural features and physicochemical prop-
erties. With the inspiration from promoted catalytic activity of MnO2 and Co3O4, this
chapter is fully devoted to these two catalysts. The activity structural relationship, recent
developments and future directions of these materials for bifunctional catalysis have been
discussed in more detail. Besides, the significant parameters judging the bifunctional
activity, that is, phase, crystal facets, morphology, defects, strains andmixedmetals oxide
formations, have been illustrated with suitable evidence. In addition, the fundamentals of
water oxidation and reduction reactions are explained with the mechanisms. Moreover,
the physiochemical properties of MnO2 and Co3O4 materials and their influence on the
catalytic activity are related for a better understanding of bifunctional catalysis. This
collective perception will be highly useful for the comprehension and designing of
advanced metal oxide catalysts to further improve bifunctional catalysis.

Keywords: ORR, OER, water splitting, MnO2, Co3O4, bifunctional catalyst

1. Introduction

As far the energy consumption is concerned in the current energy scenario, the
role of fossil fuels is exceptional by delivering a rich source in comparison with other
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sources [1, 2]. The catastrophic changes to the earth’s climate are unavoidable with
these carbon-emitting energy supplies. As the depletion of fossil fuels alarms the
scientific community to move forward for future fuels, the search is triggered with the
application of renewable energy sources like solar, tidal and wind-assisted energy
devices. Considering the electrochemical energy conversion devices such as batteries,
alkaline fuel cells and solar water-splitting devices [3], these are the technological
functions based on the electrochemical reactions such as oxygen evolution reaction
(OER), oxygen reduction reaction (ORR) [4, 5], hydrogen evolution reaction (HER)
[6] and hydrogen oxidation reaction (HOR) [7]. The chemistry behind the hydrogen-
based oxidation and reduction is facile compared with the oxygen-based oxidation
and reduction reactions. The OER and ORR reactions are uphill processes and thus
drag more overpotentials, and hence, the voltage applied also increases [8]. In metal-
air batteries (MABs), the activity of the device predominantly depends on OER and
ORR taking place during the charge and discharge process, respectively. The most
active catalysts are the expensive Pt (HER, ORR), IrO2 and RuO2 (OER), and the
search for inexpensive catalysts is unavoidable for the commercial usage of MABs.
Moreover, the use of two different catalysts for ORR and OER in MAB makes the
device more complicated and expensive. Besides, the ORR being the most active
catalyst, Pt is not a suitable candidate for OER owing to the formation of the oxide
over the surface of the catalyst, which gives the catalytic ability of OER. Similarly,
IrO2 is a good candidate for OER, due to its high conductivity and stability, and is not
preferable for ORR [9]. Therefore, the development of non-precious transition metal-
based bifunctional catalysts, which can simultaneously catalyze both OER and ORR,
becomes the utmost important parameter to enhance the efficiency of these electrode
reactions. Even though there are catalysts with increased efficiency for the selective
ORR-like carbon-derived metal catalysts and their oxides, the OER becomes a matter
of concern as the conversion of carbon to their oxides occurs before the thermody-
namic potential of OER. For OER, the chalcogenides and oxides of transition metals
are found to be more active and stable catalysts in basic environment. Therefore,
identifying electrocatalysts with significant activity in both OER and ORR is more
important for applying them in the energy conversion MAB devices [10].

In addition to the bifunctional activity, the stability of the electrocatalyst in the
electrolyte medium is also vital for commercializing the technology. The corrosive
nature of acids during long-term usage restricts their commercial usage, and in such
cases, alkaline electrolytes become preferable, which facilitates the sluggish oxygen
electrode reactions (ORR/OER) with ease and thus provides relatively less corrosive to
the transition metal-based materials. Additionally, transition metal-based catalysts
have more advantages such as the ability to exist in multiple (two or more) and mixed
oxidation states, different coordination environments, and flexibility to replace one
transition metal by another that is highly desirable to further promote the bifunctional
activity. Electrocatalysts derived from transition metals like transition metal oxides
(TMOs), sulfides and hydroxides have been demonstrated as efficient electrocatalysts
in oxygen electrode reactions [11]. Among all TMOs, particularly cobalt oxide (Co3O4,
spinel oxide) and manganese oxides are found to be the superior bifunctional catalysts
for oxygen electrode reactions [10].

Manganese oxides, with their highly affordable nature and handling, could also
deliver enhanced ORR activity and moderate OER activity through the metal and
lattice oxygen that act as active sites. The enhanced activity from manganese oxides is
ascribed to the ease of conversion of Mn to higher oxidation states and its preferable
four-electron transfer reduction pathway in ORR [12]. However, in spinel oxides like
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Co3O4, Co
2+ and Co3+, ions assist the conversion of reversible adsorption-desorption

of oxygen to facilitate the oxygen electrode reactions [9, 13]. Therefore, much effort
has been dedicated based on these TMOs for the efficient conversion of both OER and
ORR.

After evaluating the need for new and advanced energy conversion devices in
brief, in this chapter, we have first introduced fundamental electrochemical parame-
ters and requirements for the efficient ORR/OER electrocatalyst in basic electrolytes.
The bifunctional behavior of the superior non-precious TMOs such as MnO2 and
Co3O4 is explained in more detail and its recent developments from the literature are
reviewed in extreme depth [13]. The fundamental factors that can be used to enhance
the bifunctional activity are summarized, which include morphology, phase, crystal
facets, defects, mixed metal oxides and doping of metals on the metal oxide surface.
From this chapter, one can easily find the fundamentals behind the formation of
highly active, earth abundant transition metal-based catalysts for both OER and ORR
processes with increased efficiency. In addition, the exact catalytic behavior of the
bifunctional catalyst is not fully understood, which varies from material to material.
To pinpoint the active sites and discover the mechanism of the particular catalyst,
density field theory (DFT) calculation and in situ study by using specific analytical
techniques such as Raman spectroscopy, Mossbauer spectroscopy, X-ray adsorption/
diffraction and Fourier transform infrared spectroscopy are highly recommended.
Theoretical studies combined with these in situ experiments are able to provide a
deeper insight into structures and processes at the atomic level, which together with
laboratory experiments could lead to a better understanding of the mechanistic steps
involved in the reactions, and these can pave the way for the future directions of OER
and ORR for commercial application. Finally, the existing challenges and much-
needed effort for improving the catalytic activity of bifunctional catalysts are
discussed as the future effort directions.

2. Fundamentals of oxygen electrode reactions (ORR/OER)

To provide good clarity of bifunctional electrocatalysis, first, the basics and fun-
damentals of oxygen electrode reactions and electrochemical parameters used in the
evaluation of the performance of electrocatalysts are discussed in more detail. The
intensive knowledge of the above-mentioned field is necessary to design a new non-
precious transition metal-based material and to understand its behavior toward
ORR/OER.

2.1 Mechanism of ORR

ORR is an electrochemically sluggish reaction with four-electron transfer in a
multiple-step process, where the reaction begins with the diffusion of oxygen (O2)
toward the catalyst, adsorption of O2 molecule on the active sites of the catalyst, transfer
of electrons to the adsorbed O2 molecules and passage through multiple steps. Finally, it
is converted to products and desorbed from the active sites of the catalyst [14].

If we look at the ORR more deeply, there are two possible ways to adsorb O2

molecules on the electrode surface such as associative (bidentate, side-on, two oxy-
gens atoms of O2 coordinates with the metal) O2 adsorption and dissociative
(monodentate, end-on, one oxygen atom of O2 coordinates perpendicular to the
metal) O2 adsorption as shown in Figure 1.
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The adsorption mode of oxygen had the foremost influence and is crucially signif-
icant for the number of electrons transferred (n) during the ORR process. The asso-
ciative adsorption mode of oxygen leads to the direct four-electron transfer reduction
path and the dissociative adsorption mode of oxygen results in the two-electron
transfer reduction path through the peroxide intermediate formation. Typically, noble
metals predominantly follow four-electron transfer reduction, and carbon-based
materials follow two-electron transfer reduction. On the other hand, non-precious
metal oxides can follow either indirect two- or direct four-electron transfer path or
both, influenced by the nature of metal oxide and overpotential region. The higher
overpotential region offers highly desirable direct four-electron transfer reduction,
whereas, in the lower overpotential region, two-electron transfer reduction with
peroxide formation occurs predominantly. Therefore, the exact number of electron
transfers and the mechanism of ORR on the metal oxide surface still remain unclear.
However, the widely accepted mechanism of ORR is fairly complicated and involves
oxygen-containing intermediates such as O*, OH* and OOH*. The mechanism of four-
electron transfer pathway of ORR on a catalytic metal surface can be described as
follows:

∗ þ O2 gð Þ ! O2
∗ (1)

1=2O2
∗ ! O ∗ (2)

O ∗ þHþ aqð Þ þ e� ! OH ∗ (3)

OH ∗ þHþ aqð Þ þ e� ! H2O ∗ (4)

H2O ∗ ! H2O (5)

Here, * represents the active sites of the catalyst under investigation [13, 15, 16].
The two-electron transfer mechanism of ORR is as follows:

O2
∗ þHþ aqð Þ þ e� ! HOO ∗ (6)

HOO ∗ þHþ þ e� ! H2O2 (7)

In some cases, OOH* dissociation may be involved on the same catalytic surface as
follows:

HOO ∗ ! O ∗ þHO ∗ (8)

Figure 1.
The schematic representation of the adsorption of O2 over the metal/oxide surface.

218

Photocatalysts - New Perspectives



All possible mechanisms of ORR are shortened here.

The heterogeneous electrocatalysis (ORR/OER) occurs at the catalyst–electrolyte–
reactant triple point, where the binding energy of the reactive species (intermediates/
reactant) has been calculated to determine the catalytic performance of the
electrocatalyst. The French chemist Paul Sabatier made a principle with respect to the
binding energy of the reactive species and catalytic performance of the electrocatalyst
in a heterogeneous system called the Sabatier principle (also called the volcano plot).
It states that the interaction between the surface of the catalyst and the reactant
should be optimum; That is, it should be neither too strong nor too weak [17]. Because
too weak interactions result in the failure of making bonds between them, causing no
further reaction, and too strong interactions lead to kinetically slow dissociation of the
resultant intermediates, the catalytic surface is not accessible by the reactant for
further reaction. In the case of ORR, three oxygen-containing species are involved as
an intermediate such as O*, OH* and OOH*. The binding energy of these reactive
intermediates is the leading factor that decides the activity of the catalyst [18].

2.2 Reaction mechanism of OER

Water oxidation reaction or OER is the reversible reaction of ORR, which occurs at
a higher positive overpotential than ORR; to attain the reversibility of each step
involved, the ORR should be reversed. Moreover, it is the core electrochemical reac-
tion in fuel cells, MABs and water splitting with their complementary reaction such as
ORR and/or HER. It is a multi-step electron transfer reaction; each step requires some
energy to overcome the energy barrier, drag the overall kinetics of OER and necessi-
tate a large overpotential [19].

The proposed mechanism of OER on the metal oxide surface is as follows:

∗ þH2O! ∗OHþHþþe‐ (9)
∗OH! ∗OþHþþe‐or2 ∗OH! ∗Oþ ∗ þH2O (10)

2 ∗O ! 2 ∗ þ O2 or ∗OþH2O! ∗ þ O2 þ 2Hþ þ 2e� (11)

Although OER is relatively complex, it is considerably facile on the metal oxide
surface rather than on the bare metal surface, since bare metals are more prone to
oxidation at higher positive overpotentials. Moreover, the capability to exist in multi-
ple oxidation states of metal oxides makes it a highly desirable candidate for OER,
where the interaction between the metal and oxygen intermediates initiates the bond
formation between them by change in the oxidation state of the metal. Therefore,
metal oxides are the best choice of catalyst for OER. However, each metal oxide has a
different OER mechanism on its surface; even oxides with identical element compo-
sitions due to the difference in the surface property of materials originated from the
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preparation method. The volcano plots relating the required overpotential to attain
1 mA current vs ΔGO - ΔGOH for OER have been constructed by the study of OER
catalysis on a wide variety of metal oxide surfaces [20].

2.3 Bifunctional (ORR/OER) electrocatalysis

A single catalyst employment for the catalysis of two electrochemical reactions
(both a reaction and its complementary reaction) is called bifunctional
electrocatalysis. The catalyst used in the bifunctional electrocatalysis with the capa-
bility to catalyze two electrochemical reactions is termed as bifunctional
electrocatalyst. The bifunctional electrocatalyst is primarily used to facilitate the elec-
tron transfer from the electrode to the reactant, which promotes oxygen electrode
reactions (ORR/OER). A single catalyst employment to catalyze both OER/ORR, that
is, a bifunctional catalyst is highly preferable particularly for energy storage and
conversion devices, rather than employing two different catalysts separately. Either
the catalyst itself or the catalyst decorated on the electrode surface is mostly used as a
bifunctional electrocatalyst. The principal role of the electrocatalyst is to adsorb the
reactant on its surface and develop the adsorbed reactant/intermediate, thereby pro-
moting the kinetics of charge transfers from the electrode to the reactant. The equi-
librium potential of the oxygen electrode reaction (ORR and OER) is 1.23 V versus
reversible hydrogen electrode (RHE) [21]. However, the complicated mechanisms
and sluggish kinetics of these reactions demand high overpotentials. In order to
facilitate the oxygen electrode reaction, the bifunctional electrocatalyst must adhere
to certain intrinsic structural features, that is, high inherent bifunctional catalytic
activity; enlarged surface area; high electrical conductivity and favorable morphology
with exposure of maximum active sites; a high electrochemical surface area; high
chemical, electrochemical and mechanical stability; and good contact of electrochem-
ical (electrode electrolyte) interfaces [22]. Although a material with aforementioned
properties can perform as good bifunctional electrocatalyst, it has to be evaluated with
certain electrochemical parameters for its comparison with other catalysts.

For a fair evaluation of the performance of electrocatalysts, all the electrochemical
parameters must be taken into account such as the onset/overpotential, exchange
current density, Tafel slope, turnover frequency (TOF), potential gap, number of
electron transfers, amount of peroxide formation and electrochemical surface area
[23]. Each and every parameter is very crucial and can provide much more insightful
information about the catalyst material related to the mechanism of electrochemical
reaction. For this reason, the detailed introduction of all the fundamental electro-
chemical parameters has been discussed elaborately in the following sections.

3. Efforts on the in-built possession of the catalyst materials to enhance
the bifunctional activity

After the detailed discussion of the fundamental electrochemical parameters, it is
now essential to highlight the significance of in-built possessions of the materials,
which decide the properties of the catalyst materials. As stated earlier, a reputable
candidate for electrochemical reaction must be recognized with certain properties
such as intrinsic activity, density of active sites, conductivity, surface area, wettability
(hydrophilicity) and stability. But all these properties are decided by their appropriate
association with in-built possessions like phase, morphology, particle size, defects and
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strain. A slight change in these in-built possessions leads to the huge impact on the
properties of catalyst materials. In addition, practically, there is no catalyst material
with an adequate quantity of all these mentioned properties. To resolve this inade-
quateness, many efforts have been devoted on catalyst materials. A catalyst with
optimum quantity of all the aforementioned properties can be attained only by a
systematic fine-tuning of its in-built possessions such as phase, morphology, crystal
facets, particle size, defects and strain. Therefore, to understand the linear thread
connection between the in-built possessions, inherent properties and outperforming
activity of the electrocatalyst, all these possessions have been discussed in more detail
in this section.

3.1 Phase engineering

The smallest repeating domain containing identical (in both distance and space)
arrangement of atoms is called a crystal lattice. The extent of a single or a group of
crystal lattice can be defined as a phase, a key factor in deciding the properties of the
materials. Each phase has its own property and the variation in phases causes dramatic
changes in the properties especially in the intrinsic activity, density of active sites,
conductivity, wettability and stability, thus having more impact on the bifunctional
activity. Controlling materials with desirable phases is an art associated with synthetic
methodology. Hence, it is recommended to choose a suitable methodology to prepare
the materials with desirable phase selectivity, so that the extent of the activity can be
attained [24]. Therefore, it has been concluded that the phase of the material is the
primary in-built possession deciding almost all inherent properties, and hence, by
choosing the appropriate methodology, the selectively particular phase can be
attained.

3.2 Morphology engineering

An inherent property, surface area is often morphology dependent since different
morphologies have different surface areas even for identical phases [25]. The electro-
chemical reaction takes place only at the interface, where surface atoms are in contact
with electrolytes rather than interior atoms. Although all surface atoms are in contact
with the electrolyte, only their certain portions are capable of catalyzing bifunctional
reactions called active sites. The morphology with the exposure of the maximum
number of active sites is the most opted for better bifunctional catalysis.

3.3 Defect engineering

Defect engineering is another way to tune the properties of the catalyst material
for enhancing the catalytic activity; due to this reason, it is intentionally introduced
into the lattice of the materials although it drags the stability of the catalyst materials.
The introduction of defects on the lattice can tailor the intrinsic property, especially
the electronic configuration, conductivity, chemical reactivity and stability by
adjusting electron distribution on the lattice. Defects also lead to the formation of
unsaturated atoms on the surface of the catalyst, which are capable of intensively
catalyzing the reaction and hence are highly desirable to promote the oxygen electrode
reactions [26]. Defects can exist in many forms, namely, structure distortion, oxygen
vacancy, cation vacancy, anion vacancy and lattice defects. All the forms of defects
lead to the enhancement of the catalytic activity somehow, mainly impacting the
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conductivity and density of active sites of the catalyst materials [27]. Caution must be
taken while improving the activity of the catalyst by defect engineering since a larger
extent of defect density leads to a fall in stability due to the increase in the number of
dangling bonds in the material. And it is recommended to adopt an effective and
feasible way to create defects, rather than following tedious processes and harsh
conditions so as to retain the other properties of the catalysts.

3.4 Mixed metal engineering

As stated in the earlier section, an esteemed electrocatalyst must be effectual in its
inherent properties that are intrinsic activity, density of active sites, conductivity,
surface area, wettability and stability. But practically, it is rare that a single material
has all these mandatory properties for effective catalysis especially for bifunctional
(ORR/OER) catalysis; hence doping the foreign metal into the lattice of the host
material is a fruitful way to implant additional properties which were absent or
inadequate in the host material. Among the various properties, electrical conductivity
and catalytic activity are the most essential properties of the non-noble catalyst that
are mainly considered inadequate and need to be improved as far as possible. These
two properties could be significantly improved by two tactics: one is the doping of an
appropriate metal into the host material and another is the formation of a core-shell-
type hybrid structure, where the core part must be highly conductive and the shell
part should be capable of catalyzing the oxygen electrode reactions [28, 29]. The
enriched activity of the resultant hybrid catalyst is mainly due to the synergistic effect
of both the guest and host materials. Hence, the hybrid catalyst has the advantage to
utilize certain properties from one part and remaining properties from other parts of
the catalyst to exhibit the improved performance of the oxygen electrode reaction.
Therefore, it has been understood that mixed metal engineering is a profitable way for
selective embedding of certain properties into the electrocatalyst for boosted oxygen
electrocatalysis.

3.5 Catalyst/conductive substrate engineering

The notable drawbacks of non-noble metal/oxide-based electrocatalysts are their
poor electrical conductivity and their agglomeration during the catalysis process,
which limit their bifunctional catalytic performance in oxygen electrocatalysis. The
succeeding forward step to resolve these issues is the decoration of catalyst materials
over the highly conductive substrate, which simultaneously limits the agglomeration
and improves the electrical conductivity. Carbon-based materials are promising can-
didates that serve as a substrate by providing a facile electron transfer path and flat
facets to adhere catalytically active non-noble metals/oxides. Moreover, non-noble
metal/oxide-based electrocatalysts are efficient candidates for OER and not for ORR,
which is another remarkable drawback; meanwhile, carbon-based materials are dem-
onstrated to be effective catalysts for ORR. When combined, these two materials can
effectively catalyze both the oxygen electrode reactions without any interruption due
to synergistic effect, where the ORR part is taken care of by carbon-based materials
and the OER part by catalytically active non-noble metal/oxide. So, again hybrid
material (catalyst/carbon substrate) engineering is the solution, which resolves the
ORR activity issue along with electrical conductivity and agglomeration issues. But
carbon materials are prone to oxidize in highly positive OER overpotential regions,
causing thermodynamic instability as another issue. Hence, it is determined that the
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hybrid material (catalyst/carbon substrate) engineering is an effective strategy to
proliferate electrical conductivity and ORR activity. However, proper selection of
carbon-based substrates (stable at higher positive overpotentials) and feasible way of
incorporation lead to better catalytic performance and durability.

Therefore, in this section, all the in-built possessions of the catalyst materials and
their impact on their properties have been elaborately discussed and the possible ways
of fine-tuning them for the improvement of bifunctional catalysis are also suggested.
This collective knowledge ignites the interest of the research community to formulate
efficient bifunctional catalysts and take them to the next level.

4. Detailed chemistry and electrochemistry of MnO2 and Co3O4

The oxides of manganese and cobalt still remain prominent alternatives for pre-
cious materials and have been extensively investigated in many growing areas such as
lithium-ion batteries, supercapacitors and electrochemical sensors, as well as in
electrocatalysis, due to their appreciable unique properties, affordability and environ-
mental friendliness. So, before moving to recent explorations of these materials, the
detailed properties and their influence in electrocatalysis have been discussed here
more elaborately one by one.

4.1 Chemistry and electrochemistry of MnO2

Manganese oxide (MnO2) is a two-dimensional (2D) layered semiconducting
material. The outermost electronic configuration of Mn+2 is 3d5 4s0, where the d
orbital is in the half filled (unsaturated) state, which makes it more susceptible to loss
or gain of electrons; this is the triggering property in the process of catalysis. So, it can
behave as a good catalyst especially in the area of electrocatalysis. The major advan-
tage with MnO2 is the multivalent nature of manganese and its greater structural
flexibility, due to which it can exist in more than 20 crystallographic forms like α-, β-,
γ-, δ-, ε-, λ-types, amorphous MnO2 (AMO) and others [30, 31]. All these crystallo-
graphic forms are formed by the basic unit MnO6, where oxygen atoms are present at
the top of eight surface body angles and manganese is located at the center. These
crystal structures diverge from one another by way of linkage of their basic octahedral
MnO6 unit, which results in each crystal structure to have distinct properties. Along
with many forms of crystal structures, MnO2 is associated with many other advan-
tages such as their capability to form many polymorphs, natural abundance, environ-
mental compatibility, low cost and non-toxicity. There are many polymorphs of
MnO2: tunnel (1D), layered (2D) and spinel (3D) structures, prepared by dedication
and great efforts. Nevertheless, most of the polymorphs of MnO2 have an open tunnel
structure, which can accommodate any of the small guest ions such as K+, Ag+, Na+,
Mg2+ etc. Moreover, in MnO2, Mn centers are in mixed oxidation states (+3 and +4),
where the charge neutrality is maintained by the assist of guest cations entrapped in
the tunnels. The bifunctional activity of MnO2 strongly depends on their crystal
structure and morphology as well as their intrinsic properties. The bifunctional activ-
ity of MnO2 with respect to the crystal structure follows the order α- > AMO > β- > δ-
MnO2 [32]. The superior OER activity of α-MnO2 is attributed to the presence of
mixed oxidation states of manganese (average oxidation state = 3.7), their capability
to exist with enormous amounts of di-μ-oxo bridges as protonation sites and their
suitable tunnel sizes (0.46 � 0.46 nm2) affording high accessibility to electrolytes
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(reactant) as well as efficient charge transport. The excellent ORR activity (4 e�

transfer) of the same crystal structure is due to its expedient O2 adsorption capability
and enriched amount of higher oxidation state (+3, +4) of manganese on the surface,
whereas other crystal structures follow 2 e� transfer reduction pathways. Amorphous
MnO2 is the next better bifunctional catalyst because of the presence of excess oxygen
defects and randomness. Besides, α-MnO2 contains 2x2 tunnel structures along the c-
axis made of double chain of the basic MnO6 unit. The higher activity of the α-form is
also supported by this tunnel and layered structures, having more number of edges
and corner sharing of the MnO6 unit. In addition, it is worth noting that the α-MnO2

possesses higher activity per cost than Pt/C [33].
Although there is extensive information about MnO2, the key factors influencing

the OER and ORR activities are not well defined due to the lack of straightforward
structure-related electrocatalytic activities. Many of the crystal structures of MnO2 are
still poorly understood. However, MnO2 with various metal valences usually revealed
different morphologies, which complicates the underlying relationship between metal
valence and activity.

4.2 Chemistry and electrochemistry of Co3O4

The next superior electrocatalyst with competitive activity for bifunctional reac-
tion is cobalt oxide (Co3O4) and is an extensive studied material especially for OER
due to its excellent redox behavior, inexpensiveness, high abundance and great sta-
bility in alkaline medium. It is a spinel oxide, where oxygen atoms are arranged in a
cubic close packed (CCP) matrix composed of two Co3+ and one Co2+ cations located
in the octahedral (Oh) and tetrahedral (Td) lattice sites, respectively [34, 35]. The
catalytic performance of spinel Co3O4 is deeply rooted in two factors such as exposed
crystal facets and population of Td Co2+ and Oh Co3+ on it. The (110) facet of Co3O4

exhibits enhanced activity compared to other facets due to the existence of substan-
tially higher density of the dangling bond and catalytically active Co3+ sites [36]. But
the higher surface energy and existence of higher density of dangling bonds of this
facet results in less possibility of the formation of this facet. The bifunctional activity
of Co3O4 is oxidation state dependent; the higher occurrence of Co3+ in the octahedral
environment is responsible for the superior performance of OER, whereas Co2+ in the
tetrahedral environment is capable of releasing electrons under applied potential,
which results in the formation of CoOOH, μ-OO peroxide intermediates over the
surface of Co3O4, which is capable of acting as an active site in ORR. Although there
are many efforts on Co3O4, the intrinsically poor electrical conductivity and relatively
smaller surface area of the material still remain inadequate, which significantly drag
the overall activity.

5. Recent exploration in Co3O4 and MnO2

Transition metal oxides like manganese oxides α-MnO2 [37, 38], β-MnO2 [39],
perovskite (i.e., LaNiO3, LaCoO3) [40] as well as spinel-based structures (Co3O4 and
NiCo2O4) with multiple valences, serve as the most attractive non-precious metal
catalysts for bifunctional OER/ORR electrocatalysis especially for the alkaline
medium. This chapter particularly emphasizes the recent developments in metal
oxides of manganese oxides and cobalt oxides, which are simple in composition yet
very effective in promoting oxygen electrode reactions. The nature of active sites and
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their identification along with corresponding ORR/OER activities will be correlated
with respect to their oxidation states, crystal structure, bulk structure and morphology
with required experimental and computational analyses; all those concerns have been
reviewed from the recent 10 years of literature. In addition to that, contrast results
observed in those particular materials are discussed elaborately and possible strategies
to further improve the activity of the catalyst have also been suggested at the end.

5.1 Recent exploration in MnO2

Manganese oxides are one of the most widely investigated materials in bifunctional
electrocatalysis and currently employed in commercial Zn air and alkaline batteries.
The inspiration from the biological catalyst CaMn4Ox acts as an oxygen evolving
centre in Photosystem II; Gorlin et al. developed a new catalyst α-Mn2O3 where Mn is
in the +3 oxidation state, showing excellent bifunctional activity almost similar to the
activities of precious catalysts like Pt, Ir and Ru [41]. To improve the activity of the
catalyst, it is essential to understand the changes on the surface of the material during
the process of OER and ORR. With this mind in their another study, a powerful in situ
X-ray absorption spectroscopy technique was used to analyze the chemical nature of
the surface during the process of OER and ORR [41]. Such an attempt reveals that the
exposure of catalyst in ORR (0.7 V) and OER (1.8 V) potential causes the distortion of
the Mn3

II,III,III O4 phase and maximum (80%) oxidation of the catalytic surface to
form a mixed MnIII,IV oxide. They also confirmed that the observed result is
irrespective of the film thickness of the catalyst in both OER and ORR potential. At
OER potential, MnIII,IV oxide is more dominant on the catalytic surface due to the
electrochemical oxidation, indicating that it is the phase responsible for the observed
OER activity rather than the Mn3

II,III,III O4 phase [42]. Such an oxidation state changes
upon the exposure to OER and ORR potential on α-Mn2O3, observed by the same
group with the aid of ex situ X-ray photoelectron spectroscopy technique in their
earlier studies [43, 44] and by Marcel Risch via in situ soft X-ray absorption spectros-
copy study [45].

Moreover, the effect of surface manganese valence of MnO2 on ORR activity is
studied by Tang et al. [12]; from their observation, it has been understood that the
oxidation state of the catalytic surface plays a crucial role in facilitating bi-functional
catalysis. The main reason for the activity of manganese oxides is the presence of
surface Mn+3 ion having Mn-O-Mn bonds, which are found to be more active for OER
and are not found in the species having Mn+2/Mn4+. These labile Mn-O bonds allow
the formation of surface Mn-OH2 species and favor the cleavage of Mn-O2 bonds,
which increases the overall activity of the catalyst. Besides, in its electronic configu-
ration, Mn(III) having one eg

1 electron leads to the lattice distortion owing to the
Jahn-Teller effect and contributing to the structural flexibility, promoting the catalytic
activity of the material [46, 47].

The importance of surface facets on bifunctional activity has been discussed in
another work [48], where different nanostructures of MnO such as nano-flowers,
nanoparticles and nano-polypods are prepared with the exposure of different crystal
facets. The detailed investigation of this study demonstrated that the maximum
exposure of (100) facets of MnO nano-polypods largely promote the electrocatalytic
activity in both OER and ORR compared to others facets. Therefore, it has been
understood that (100) is the superior active facet of MnO2 for both OER and ORR.

As mentioned earlier, MnO2 can exist in large numbers of crystallographic forms,
so it is essential to address the suitable crystal structure for encouraging electrolysis.
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To resolve this issue, Meng et al. examined the influence of crystallographic structures
of MnO2 such as α-, β-, δ-MnO2 and amorphous (AMO) MnO2 on bifunctional activ-
ity. During the formation of various crystal structures of MnO2, changes in morphol-
ogies such as nanoflakes, nanowires and nanoparticles were also obtained. The
obtained results reveal that the bifunctional activity of MnO2 is strongly dependent on
the structures and follows the order α > AMO > β > δ-MnO2 [32]. There is another
study related to the crystal structure influence in water oxidation, which has been
investigated under various conditions. In this study, the authors have prepared nine
various MnOx-based catalysts, that is, α2-, β-, δ2- and γ-MnO2, Mn3O4, Mn2O3, L-
MnO2, γ-MnOOH, and R-MnO2 and their water oxidation efficiency were analyzed
and α-MnO2 was found in alkali media as a superior one among all catalysts [49].
These studies confirm the influence of crystallographic orientation on catalytic activ-
ity, which is majorly controlled by the morphology of the catalyst. Moreover, Debart
et al. explained the highest charge storage capacity, that is, 3000 mA g�1 of α-MnO2,
among other crystal structures such as β-MnO2, γ-MnO2, λ-MnO2, Mn2O3 and Mn3O4

through the study of rechargeable lithium-air batteries [50]. They have also showed
the surpassed catalytic activity of α- and β-MnO2 nanowire compared to the bulk
MnO2, which is mainly due to the higher surface area and crystal structure. This
further confirms the importance of the crystal structure and the nanoscale morphol-
ogy of the electrocatalyst in bifunctional activity. Our group result also supports the
above-stated information that α-MnO2 nanowire turns out as the more preferable
morphology and the crystal structure of MnO2 for superior bifunctional activity over
the other forms [37].

Another strategy to enhance ORR activity of MnO2 is introduction of native oxygen
defects without employment of any foreign additives, where the effort is devoted to
identify the effect of oxygen nonstoichiometric on ORR activity in alkaline electrolytes.
The study has introduced oxygen vacancy into the thermodynamically stable high
purity rutile β-MnO2 by a simple heat treatment method in argon atmosphere. And it is
found that the oxygen defect bearing MnO2 requires more positive overpotential, yields
lower amount of peroxide in ORR and also facilitates the kinetics of OER [51].

In MnO2, especially when we intended to tune metal centre valences (oxidation
state), it lead to unavoidable changes in morphology along with changes in the oxida-
tion state. Such circumstances usually add further complications to understanding of
the actual relation between the metal valence and electrochemical activity. Although it
is reported that MnOOH species is superiorly ORR active among manganese oxides
[52], this study did not include the influence of morphology of the catalyst on activity.
The influence of morphology on ORR activity is explained by two familiar examples,
where nanoparticles and nanowires are the morphology. In MnO2 nanoparticles, the
activity increases in the order β- < λ- < γ- < α- ≈ δ-MnO2 [53], whereas in MnO2

nanowires, the activity follows the order λ- < β- < α-MnO2 [54]. These results
provide strong evidence for the influence of nanoscale morphology on ORR activity.

Although manganese oxide is a superior non-precious bifunctional catalyst, still it
is unable to surpass the activity of precious metal catalysts due to its poor conductiv-
ity. The well-known approach to improve the conductivity of the material is decora-
tion of metal oxides over carbon-based substrates. However, in the case of
bifunctional electrocatalysis, the carbon substrate is not a preferable one due to the
peroxide production and self-oxidation on OER condition. To resolve this issue, Ng
et al. developed manganese oxide on a stainless-steel substrate (MnOx-SS) through
electrodeposition followed by calcination at 480°C. Calcination causes the phase con-
version of MnOx to Mn2O3 on stainless steel. Further, this MnOx-SS material
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employed as an O2 electrode in unitized regenerative fuel produces round-trip effi-
ciencies of 42–45% at 20 mA cm�2 over 10 cycles that is excellent catalytic activity and
durability in both OER and ORR even compared to the precious catalyst Pt/C-SS. The
interaction between the stainless-steel substrate and catalyst significantly enhances
the catalytic activity due to synergetic effect and prevents the agglomeration of
catalysts by providing an appropriate platform [55].

The next approach to improve the activity is expanding the surface area and active
sites by introducing porosity. The activity of the catalyst is directly proportional to the
surface area due to the rise in the density of active sites. But there are many ways to
introduce porosity, like the template-assisted method, surfactant-assisted micelle/
inverse micelle sol-gel method, etc. However, each method is associated with its own
merits and demerits. In the case of template-assisted process, although uniformity in
the pore size and stability was achieved, the template had to be etched post synthesis,
which added complexity to the method and was time consuming. However, although
the surfactant-assisted method is a simple and cost-effective approach, there is no
assurance for uniformity in the pore size.

In this view, Kuo et al. developed a highly effective mesoporous MnOx material
with a crystal structure of Mn2O3 via a simple inverse micelle template approach. This
adopted methodology has the advantage of being a single-step synthesis, does not
require any post-synthesis treatment, can be scalable and most importantly controls
the formation of Mn2O3 with enriched Mn3+. Then, the prepared mesoporous Mn2O3

material demonstrated superior catalyst property in both electrochemical water oxi-
dation and photochemical processes with the highest TOF value [56].

Some other attempts have also been made to tune the Mn oxidation state, that is,
the introduction of foreign elements into manganese oxide. It was found that the
incorporation of foreign elements like gold nanoparticles [57, 58], Ca2+ [59] and
cesium [60] into manganese oxide promotes the formation of Mn+3 ions, which
significantly enhances the ORR activity.

Recently, Kang et al. have reported the influence of the interlayer distance of
MnO2 on OER activity by systematically varying the interlayer distance with the aid of
intercalation of dissimilar-sized alkaline cations such as Li+, Na+, K+, Rb+ and
Cs+ between the layers and the observed interlayer distance values are 0.5, 0.6, 0.9,
1.05 and 1.5 nm, respectively. At the end, they concluded that the Cs+ ion intercalated
MnO2 possesses a larger interlayer distance along with the accommodation of larger
quantities of water molecules as a result of superiority toward OER activity, whereas
Li+ ion intercalated MnO2 is inactive for OER due to their smaller interlayer distance
and dehydrated structure [61]. In contrast to the aforementioned report, Kosasang
et al. reported that the Li+ intercalated MnO2 is a superior candidate for both OER and
ORR, where they intercalate the alkali cations such as Li, Na, K, Rb and Cs between
the layers of MnO2 and their bifunctional activity was examined. They have further
ensured the observed result by the DFT calculations [62].

From the above revealed mechanistic insights, it is understood that developing an
efficient method to facilitate both ORR and OER on a single active site is not an easy
task due to the drastic difference in their overpotential as well as the rate-determining
step (RDS). In fact, an efficient ORR active site naturally renders a poor OER activity
and vice versa, making it challenging to maintain a proper balance for reversible OER/
ORR catalysis on a single electrode surface. Due to this reason, typically employed
bifunctional catalysts are a combination of precious metals and their oxides like Pt,
Ru/RuO2 and Ir/IrO2, where ORR and OER reactions are taken care of by pure metal
and metal oxides, respectively.
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Therefore, a probable way to simultaneously catalyze both OER and ORR is to
design bifunctional catalysts inherited with different active sites for ORR and OER
separately. That can be achieved by the deliberate engineering of transition metal
oxides, particularly their oxidation state, crystal structure, exposure of crystal plane
and morphology are the efficient routes to develop an efficient inexpensive
bifunctional electrocatalyst for oxygen electrode reactions.

5.2 Recent exploration in Co3O4 to enhance bifunctional catalysis

Another simple and most investigated metal oxide for bifunctional catalysis is
Co3O4 due to its superior activity and durability. As mentioned earlier, Co3O4 is a
spinel-type metal oxide, where Co2+ and Co3+ occupy the Td and Oh sites, respec-
tively. The Co2+ tetrahedral sites are the active sites for ORR, and the Co3+ octahedral
sites are the active sites for OER. The optimal amount of both ions would lead to
overall bifunctional activity and will minimize the potential difference between the
two reactions.

5.3 Effects of particle size and surface area

Esswein et al. elucidated the size dependence activity of Co3O4 crystallites on
electrocatalytic OER in an alkaline medium [63]. They prepared cubic Co3O4 nano-
particle materials with the average size of 5.9, 21.1 and 46.9 nm. Then, the prepared
materials were loaded onto a Ni foam support to evaluate the OER performance with a
constant loading amount of 1 mg cm�2. They attained 10 mA cm�2 current density at
328, 363 and 382 mV for small (5.9 nm), medium (21.1 nm) and large (46.9 nm) sized
Co3O4 particles, respectively. The activities were correlated with the surface area of
the isolated Co3O4 particles.

Menezes et al. established a method to produce nanochains of cobalt oxide
(Co3O4) via low-temperature degradation of cobalt oxalate dehydrate [64]. In fact,
they were able to display exceptional OER performance at low overpotentials in both
basic and neutral media with the as-prepared Co3O4 nanochains. They also addition-
ally prepared nanostructured Co3O4 materials by the solvothermal method and
compared the activity of commercial Co3O4 of various morphologies. Remarkably,
the ORR performance of carbon-supported Co3O4 nanochains displays remarkable
activity compared to that of Pt. Surprisingly, they found that even though the
nanochain Co3O4 prepared by the reverse micelle route possesses a lower BET surface
area (12 m2 g�1) than solvothermal Co3O4 (18 m2 g�1) and commercial Co3O4

(49.4 m2 g�1), it displays a low overpotential toward OER in both alkaline and neutral
media.

5.4 Effect of mesoporosity and morphology

Sa et al. reported ordered mesoporous Co3O4 spinels with a gyroid mesostructure,
obtained by the assistance of a KIT-6 mesoporous silica template through the
nanocasting method, which emerged as one of the best methods to obtain ordered
mesoporous structured materials. Particularly, silica supports such as KIT-6, which
possess a double gyroid mesostructure, can deliver large active sites than that of
analogous materials with a 2D hexagonal structure [65]. Furthermore, the ordered
mesoporous Co3O4 spinels template from KIT-6, with a highly interconnected
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network structure, is expected to show enhanced stability under harsh catalytic or
electrocatalytic reaction conditions.

5.5 Effect of the nature of hydrous oxide

Zhan et al. demonstrated the bifunctional activity of hydrothermally prepared Co
(OH)2 hexagonal nanoplates and cobalt oxides (CoO and Co3O4) in basic medium,
where the hydroxide of cobalt (Co(OH)2) displayed a superior activity than the oxides
of cobalt (CoO and Co3O4) [66]. The bifunctional catalysis ability mostly shown by
the OER/ORR potential difference (ΔE) could be achieved as lower as 0.87 V (RHE),
comparable to that of metal-based catalysts, when the Co(OH)2 nanoplates were
anchored on N-doped reduced graphene oxide. In addition, both Co3O4 and CoO
possess a lower n value of 2.6–2.7 for ORR, which testified that pristine cobalt oxide
catalysts predominantly follow a two-electron pathway of ORR. Co(OH)2 was there-
fore highly ORR active than other cobalt catalysts. Similarly, in the case of ORR, Co
(OH)2 was most OER active than Co3O4 and CoO even though it has a lower number
of cobalt site and surface area. Therefore, it is understood that the hydroxide of cobalt
is a better bifunctional catalyst than the oxides of cobalt.

5.6 Existing challenges and future directions

After the detailed review of each stairway of non-precious metal oxide (i.e., MnO2,
Co3O4), it is absolutely necessary to address the existing challenges and future work-
ing directions that could be highly supportive for the research community for finding
more insightful information on the catalysts and their further development to enhance
the bifunctional activity.

The exact mechanisms and underlying fundamental process of the oxygen elec-
trode reactions are still unclear; they vary from material to material. There was a
drastic difference at the electrode electrolyte interface of each electrocatalyst, and it
possessed different binding energies with the reactant species. So it is highly
recommended to adopt sophisticated in situ spectroscopic techniques to study the
interface during the electrochemical reaction so that its exact mechanism could be
identified. Along with this, the theoretic prediction (DFT calculation) of interface
especially for the possible way of reactant species adsorption and desorption has to be
developed. There is another study called post-experimental analysis that is the analysis
of the catalyst after the employment of electrochemical reaction for a certain period.
The deeper analysis and its comparison with its fresh nature provides more insightful
information about the moiety, which is the exact reason for the catalytic activity. And
finally, the collective analysis and interpretation of all these, that is, in situ spectro-
scopic study and theoretical prediction of the interface and post-experimental analy-
sis, will lead to a loophole for the identification of the exact mechanism of the oxygen
electrode reactions for the particular catalyst. The understanding of underlying
mechanisms is the heart of knowledge, which is the key to trigger the researcher for
the establishment of marvelous candidates for the oxygen electrode reactions.

Now the question is why the pinpoint mechanism of oxygen electrode reactions is
not yet strongly declared even after knowing the route to identify it. The reason is that
the existing issues in the aforementioned sequence of the route are (1) insufficient
knowledge in theoretical prediction and (2) lack of the appropriate in situ spectro-
scopic technique and its integration into the electrochemical setup. Hence, it has been
suggested that more efforts have to be devoted in the field of experimental
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characterization, and theoretical study leads to better fundamental understanding of
electrochemical reactions. In addition, the integration of various characterization
techniques into the electrochemical setup is also recommended to track the reaction.

If we look at the Co3O4 catalyst, it has a multi-oxidation state (Co2+ and Co3+)
compound, where there is still no clear-cut idea about the optimum level of Co2+/Co3+

ratio for better performance of bifunctional activity. Moreover, there are some reports
of Co3O4 highlighting that Co2+ and Co3+ are responsible for ORR and ORR, respec-
tively. In recent years, some researchers have reported the exact opposite trend of
responsibility in bifunctional reaction (ORR/ORR) with strong evidence, which cre-
ates more puzzles. In addition, Co3O4 is a good catalyst for OER but not for ORR; the
intentional tuning on it for the improvement of ORR activity affects the OER perfor-
mance. Therefore, it is recommended that a more in-depth study of this material has
to be explored well rather than its advanced study.

In the case of MnO2, it is a good candidate for ORR (can follow the four-electron
transfer mechanism), but it is not so for OER. As stated earlier, the intentional tuning
of one side of the reaction drastically affects the other side of the reaction. Hence, such
a way of fine tuning the material for the catalytic enhancement of OER activity
without affecting its ORR performance is highly desirable. Therefore, the existing
challenges strongly direct the researcher to explore things in the area of understanding
the mechanism of ORR/OER, tuning the composition of the existing atom of the
catalyst to obtain optimum composition and development of novel synthetic
approaches for selectively attaining certain properties of the catalyst.

6. Conclusions

A rechargeable metal-air battery with the aid of high theoretical energy output will
be of prime competence for the carbon-based energy sources that we rely on hugely as
of now. Metal-air batteries lack in commercial scale due to the limited kinetics behind
OER and HER. The search for bi-functional catalysts that are earth abundant and
kinetically facile is important to meet energy crisis. Previously, many breakthrough
works have been done with superior activities, and among them, MnO2 and Co3O4

have attracted researchers with their kinetic activities and structure-activity relation-
ships. In this chapter, the important parameters judging the activities of both Co3O4

and MnO2 such as phase and morphology engineering, defects and crystal facets
engineering, strains and mixed metals oxide formations have been portrayed with
proper investigations along with the fundamentals of water oxidation and reduction
reactions. Moreover, the electrochemistry behind MnO2 and Co3O4 has been investi-
gated for the better understanding of catalyst reactions and mechanisms. This will be
highly useful for developing and designing mixed oxides for the increased kinetics of
rechargeable metal-air batteries with commercial production. This chapter urges the
importance of MnO2 and Co3O4 as better bi-functional catalysts with the introduction
of fundamental electrochemistry, structure-activity relationship and finally the future
directions in the field of metal-air batteries.
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