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Preface 

Advanced ceramics were defined by the 1993 Versailles Project on Advanced Mate-
rials and Standards (VAMAS), which described an advanced ceramic as “an inor-
ganic, nonmetallic (ceramic), basically crystalline material of rigorously controlled 
composition and manufactured with detailed regulation from highly refined and/or 
characterized raw materials giving precisely specified attributes.” Advanced ceramics 
are either based on oxides, non-oxides, or combinations of the two. Typical oxides 
used are alumina (Al2O3) and zirconia (ZrO2), while non-oxides are most often 
carbides, nitrides, borides, and silicides. Due to their remarkable high-temperature 
strength, hardness, and electrical properties, advanced ceramics are used to replace 
metals, polymers, and refractory materials in a variety of applications. By changing 
the chemical composition or manufacturing processes, their properties can be adapted 
to meet a wide range of challenging conditions. Nowadays, advanced ceramic mate-
rials are well established in many uses and industries including metals produc-
tion and processing, aerospace, electronics, automotive, and personnel protection. 
In medicine, advanced ceramics are playing an increasingly important role, with 
alumina and zirconia being used as dental implants, and as bone substitutes in 
orthopedic operations such as hip and knee replacement. 

This book introduces the reader to advanced ceramics through comprehensive 
reviews as well as research findings which include types, classifications, chemical and 
physical properties, requirements of different types of ceramics, synthesis methods, 
production, processing methods characterization techniques, properties, and appli-
cations of different types of ceramics. Therefore, it is suitable as text or a reference 
for graduate and undergraduate students in ceramic-related disciplines and is suit-
able as a reference for researchers in advanced ceramic research, and professionals 
in ceramic industries. In addition, it is a reference for researchers in perovskite 
ceramics, perovskite solar cells, nanoscale rare-earth-based mixed-metal oxides for 
solar photocatalytic applications, uses of advanced ceramics for self-healing coatings 
and treatment of wastewater. The book includes eight chapters which are described 
briefly in the following paragraphs.

v
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Chapter one, “Advanced Ceramics: Stages of Development” by Mahmoud F. 
Zawrah et al., sheds light on the stages of development of advanced ceramics. 
The authors present the types and classifications of advanced ceramics, advanced 
processing techniques, properties, and sintering as well as new forms of applica-
tions. Examples of these kinds of advanced ceramics, e.g., alumina, zirconia, Mg–Al 
spinels, silicon carbide, silicon nitride, ceramic composites, thin films, etc., with 
their specific applications, are also presented in this chapter. Chapter two, “Recent 
Advances in Perovskite Ceramics: Synthesis, Processing, and Applications” by José  
Luis Clabel Huamán et al., presents the recent advances in perovskite ceramics. In 
this chapter, the authors reported the synthesis, processing, characterization, and 
advanced applications of perovskite ceramics. Chapter three, “Advanced Perovskite 
Solar Cells” by Yuqin Tian et al., introduces the most common perovskite thin films 
and their preparation methods, organic–inorganic perovskite solar cells, etc., focusing 
on the development status of perovskite solar cells, and the main factors affecting 
their stability. The current problems and development prospects in the research and 
application of perovskite solar cells are also presented, which will lay a solid foun-
dation for a deeper understanding of perovskite solar cells and the preparation of 
new and efficient perovskite ones. 

Chapter four, “Advanced Ceramics (Self-healing Ceramic Coatings)” by Ali  
Shanaghi et al., describes different types of ceramics-based self-healing coatings 
including titania, zirconia, titanium–alumina, and zirconia–alumina incorporated 
with Benzotriazole (BTA) as an inhibitor. Fabrication processes are also described 
in this chapter. Chapter five, “Utilization of Advanced Ceramics Towards Treat-
ment of Wastewater” by Deepti et al., focuses on various advanced ceramic mate-
rials that have been used for wastewater treatment purposes. The chapter first 
presents a detailed insight into ceramic adsorbents, resins, and aerogels, as well 
as ceramic membranes, which have been extensively used for wastewater treat-
ment. Then discusses advanced ceramics to modify membrane-based technology to 
handle wastewater treatment. The future and perspective of these advanced ceramic 
materials and their modifications to ensure better efficacy toward environmental 
remediation purposes are highlighted. Chapter six, “Nanoscale Rare-Earth-Based 
Mixed-Metal Oxides for Solar Photocatalytic Applications” by Sahar Zinatloo-
Ajabshir and Seyyed Javad Heydari-Baygi, summarizes the recent advances in 
production techniques and photocatalytic uses of Ln2B2O7 (Ln: lanthanide, B=Zr, 
Ce, and Sn) nanostructures, where various methods for the synthesis of lanthanide 
zircons, lanthanide stannates, and lanthanides for ceramic production have been 
presented. The authors discussed the advantages and disadvantages of each manufac-
turing method and reviewed the applications of solar photocatalysis for mixed-metal 
oxide nanostructures based on rare earths. 

Chapter seven, “Electrophoretic Deposition of Hydroxyapatite Incorporated 
Composite Coatings on Metallic Substrates: A Review of the Fundamentals” by  
Sandeep Singh et al., presents a review of the fundamental and technical aspects of 
the electrophoretic deposition (EPD) method to prepare hydroxyapatite (HA) coat-
ings. The factors influencing the deposition process, suspension preparation, control 
of suspension mechanism, and deposition of composite coatings obtained by EPD are
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all discussed. The authors also give a comprehensive analysis of the kinetics involved 
in EPD of hydroxyapatite (HA)-reinforced coatings, and the different factors which 
can influence the surface morphology, corrosion behavior, and in vitro bioactivity 
assessment. Chapter eight, “Geopolymers Prepared by Microwave Treatments” by  
Yuta Watanabe and Takaomi Kobayashi, highlights the use of microwaves as effi-
cient auxiliary processing for geopolymer production. The chapter also describes the 
feasibility of synthesizing the porous morphology and dense-structured geopolymers 
without micro-sized pores using microwave energy. 

Amman, Jordan Shadia Jamil Ikhmayies
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Advanced Ceramics: Stages 
of Development 

Mahmoud F. Zawrah, Mohammed A. Taha, and Rasha A. Youness 

Abstract Ceramics are inorganic nonmetallic materials (oxides, carbides, nitrides, 
etc.) processed after sintering of natural or synthetic precursors at high temperature. 
They can also be applied at or resist high firing temperatures. They are highly crys-
talline (most of the advanced and traditional ceramics), semi-crystalline (vitrified 
ceramics such as earthenware, stoneware, and porcelain), or completely amorphous 
(glasses). The composition/structure relationship, method of processing, raw mate-
rials, and applications determine the properties of ceramics and whether the ceramics 
are traditional or advanced ones. The first man-made ceramics were pottery objects 
and figurines from clays after firing. Several stages have been considered in the devel-
opment of ceramic industry until reaching the production of advanced ceramics. The 
second stage for development of ceramic includes the production of glazed-colored 
ceramics, ceramic arts, and building products. Recently, new categories of advanced 
ceramics have been developed for electronics, biomedical, semiconductors, energy, 
and optical and structural applications. In the present chapter, we are going to shed 
light on the stages of development for advanced ceramics. Types and classifica-
tions, advanced processing techniques, properties, sintering as well as new forms 
of applications will be presented in the current chapter. Examples of these kinds of 
advanced ceramics, e.g., alumina, zirconia, Mg–Al spinels, silicon carbide, silicon 
nitride, ceramic composites, thin films, etc., with their specific applications will be 
also presented.
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1 Historical Background of Ceramics 

Ceramic, as a word, comes from a Greek word called kéramos, “potter’s clay”. It is 
one of the most ancient products and its industry has been discovered since thou-
sands of years. Its discovery returns to the discovery of clays and clay firing. The first 
ceramic artifact was produced in 28,000 BCE (before the Common Era), i.e., through 
the Paleolithic age. It was a statue of a woman, called the Venus of Dolní Věstonice, 
from Brno, Czech Republic. After thousands of years (18,000–17,000 BCE), the 
first pottery was detected in China and then in Japan and Russia in 14,000 BCE. The 
application of ceramic has been raised intensively though the Neolithic period (9,000 
BCE) and the ceramic-clay products became common as vessels for water and food, 
art stuffs, tiles and bricks, and their application moved to the Middle East and Europe. 
The first products were withered under the sun or sintered at ≤1,000 °C in simple 
furnaces dug in the ground. In 7,000 BCE, sharp tools prepared from naturally occur-
ring volcanic glass have been used. It has been stated by the Roman historian Pliny 
that the first artificial glass was unintentionally prepared by Phoenician merchants in 
5,000 BCE during cooking on the fired sodium-containing rocks while relaxing on 
the beach. The heating led to fusion of rocks and formed glass. After that, some glass 
objects have been produced in Mesopotamia and Egypt dating to 3,500 BCE. Also, 
during that period the wheel-forming tool for the production of ceramic artifacts and 
pottery has been started to be applied. A new development, i.e., glazing of pottery, 
has been introduced in Mesopotamia in 3000 BCE. On the other hand, the Egyptians 
began to build firms for glassware industries in 1500 BCE. At the same time, the 
Greeks reached the maximum development for vases industry. In 600 CE (Common 
Era), the first kiln working at 1350°C was made in China to produce porcelain from 
kaolinite. This industry continued in Europe and the Middle East during 1600 CE. 
The first blast furnace made from natural or synthetic refractory materials working 
at 1500 °C was produced in Europe in 1500 CE for melting of metals, glasses, 
building materials, and porcelain. With the progression of industries, new materials 
with new properties have appeared. The electrical insulator ceramic was invented 
in 1850. After 1939, the application of advanced ceramics in different areas such 
as electronics–optoelectronics, biomedical, energy, automotive, and aerospace has 
been increased. With the emergence of nanotechnology, new applications such as 
transparent ceramics, ductile ceramics, hyperelastic-bones, microscopic capacitors, 
and ceramic coatings are developed. From the aforementioned stages of ceramic 
development, it is expected that the worldwide market will reach 1.1 trillion dollars 
against 800 billion dollars in 2018 [1].
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2 Introductory Remarks on Ceramics 

Ceramics are inorganic solid materials composed of metal/metalloid and nonmetal 
elements with ionic or covalent bonds, e.g., metal oxides, carbides, and nitrides. They 
can be prepared at and withstand high temperature. The nature of chemical bonds 
intensely affects the properties of ceramic materials such as high melting point, and 
thermomechanical and optical properties [2, 3]. Most of the ceramics are insulators 
for electricity due to the deficiency of free electron as in the case of metals [4]. 
The most common conventional raw materials are kaolin and the advanced ones are 
alumina, spinels, silicon carbide, tungsten carbide, silicon nitride, etc. These mate-
rials can be applied as wear-resistant materials, cutting tools, biomedical, electronics, 
and structural application. Most of the ceramic materials are crystalline, while the 
amorphous ones are being glasses. The properties of ceramics depend mainly on 
the structure and chemical composition of ceramics. The microstructure, density, 
grain size distribution, amount of porosity, and liquid phase contents are impor-
tant factors affecting the overall properties of ceramic materials. The microstruc-
ture comprises the main grains, secondary phases, grain boundaries, closed and 
open pores, microcracks, and structural defects. These parameters in addition to the 
processing conditions are totally affecting mechanical, optical, thermal, electrical, 
and magnetic properties. 

3 Classification of Ceramics 

Ceramics are classified into two main categories including traditional (conventional) 
and advanced ones. The first group involves whitewares, structural and heavy clay 
products, cement, and refractories and they are derived from natural sources [5]. Also, 
it includes glass and glass-ceramics [4] which can be produced from pure chemicals 
or natural resources. Some types of glass and glass-ceramics belong to the category 
of advanced ceramics depending on their advanced applications. On the other hand, 
the advanced ceramics are fabricated by sophisticated chemical processing methods 
from synthetic or raw materials giving the desirable product with high purity and 
improved physical, mechanical, electrical, magnetic, superconducting as well as 
optical properties. The following scheme (Fig. 1) represents the classification of 
ceramic materials.
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3.1 Traditional Ceramics 

3.1.1 Clay Products 

Clay is an interesting widespread natural material widely applied in the globe [6]. It is 
the most known raw material utilized worldwide owing to its astonishing properties as 
abundance, feasibility, environmental friendly, and suitability for numerous practical 
and creative purposes containing applications like agriculture, engineering, geology, 
environment, pharmaceuticals, etc. [7, 8]. Economically, it is a low price raw material 
as compared with other pure and natural materials [9]. It is worth mentioning that 
the clay is formed through elongated time by regular chemical weathering of silicate 
rocks using diluted carbonic acid and solvents. Thus, the clay is categorized into two 
kinds; the main one is formed as a residual deposit in the soil and remains at the 
place of formation. The second one is that translated from its original place by water 
erosion and deposited in a new sedimentary deposit. It is crystalline with fine particles 
of pseudo-hexagonal shapes and few micrometer sizes [10]. It is mainly composed 
of hydrous-aluminum silicates with minor amounts of iron (Fe), magnesium (Mg), 
alkali metals, alkaline earths, etc. [11]. On the other side, their atomic structure is 
mainly composed of two basic units, i.e., octahedral- and tetrahedral-sheets. The first 
unit consists of closely packed oxygen atoms and hydroxyl groups in which Al, Mg, 
and Fe atoms are ordered in octahedral symmetry. On the contrary, silicon atoms are 
equidistant from four oxygen atoms or hydroxyls, arranged in a tetrahedron pattern 
[9, 12]. 

After giving a brief introduction on clay, now we are going to provide some 
examples of traditional clay products. They are classified as unvitrified or vitrified 
products. The vitrified one is fired at a higher temperature and formed of fused clay 
and other compounds having glassy feature, e.g., whiteware. Unvitrified products are 
fired at lower temperature and form porous ware such as pottery and earthenware. 
The following are some clay products: 

(a) Pottery is a category of traditional ceramic products which has high porosity and 
is densified at low temperature ≤900 °C. It is not glazed but can undergo surface 
modification and decoration. Recently, they can be applied in flowerpots, roof 
tiles, bricks, and art ware. 

(b) Earthenware is a known porous (10–25%), and opaque product which is densi-
fied at 900–1200 °C. Its raw materials are ball clay (25%), China clay (25%), 
flint/sand (35%), and feldspar (15%). It can be applied to bricks, tiles, and tin 
enameled majolica. 

(c) Whitewares have many types of clay products such as hard porcelain for artware, 
tableware, semi-vitreous tableware, hotel china, vitreous sanitary ware, vitreous 
tile ware, electrical porcelain, and dental porcelain. Porcelain is one of the most 
interesting products in this category. Its raw materials are flint/quartz sand (13%, 
SiO2), feldspars (KAlSi3O8–NaAlSi3O8–CaAl2Si2O8, 12%), China clay (63% 
kaolinite, Al2Si2O5(OH)4), and ball clay (8.7%). It is produced by multiple steps 
of cycle heating at around 1400°C. The main phases of the fabricated porcelain
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are quartz, mullite (Al6Si2O13), and glass; which are equivalent to about 60% 
SiO2, 32% Al2O3, 4% K2O, and 2% Na2O oxides with minor amounts of iron, 
titanium, calcium, and magnesium oxides. The role of clay is to offer small 
particles, and good plasticity for easier shaping, while feldspar gives fluxes and 
forms liquid phases that increase the strength. On the other side, flint can be 
considered as filler that forms liquid phase and controls the thermal expansion 
of densified bodies. 

The second interesting example of this category is sanitary ware. It includes several 
products such as bidets, wall urinals, water closets, washbasins, and cisterns. The 
main raw materials are ball clay (23–25%), china clay (25–27%), flint or quartz sand 
(20–30%), and feldspar or nepheline syenite (20–30%). It is formed by slip casting 
process with controlled rheology and then glazed by a spray gun. The body is coated 
by several layers of engobe, and glaze. 

The third class of these ceramic products is the wall tiles. This type of ceramic 
has low shrinkage during firing (about 1%). The main composition of wall tile is 
ball clay (22.5–25%), china clay (22.5–25%), flint/quartz sand (40%), and limestone 
(CaCO3) (10–15%). It is shaped by pressing in a die cavity and sintered at about 
1100 °C. After fabrication, it is subjected to glazing. 

3.1.2 Cement 

There are several kinds of cement-binding materials as lime, gypsum plaster, natural 
cement, high alumina cement, pozzolana, masonry cement, magnesium oxychloride 
cement, calcium aluminate cement, Portland cement, and geopolymers. In spite of 
the pozzolana cement has been invented (in 1824) before Portland cement, the most 
famous one is the Portland cement. The pozzolana cement is formed by the reaction 
of lime water with silica to form bomorite gel (CaO)3(SiO2)2(H2O)3. On the other 
hand, the Portland cement could be prepared by firing the limestone with clay at 
1450 °C to produce clinker. The produced clinker is milled with about 5% gypsum 
to produce the Portland cement. The addition of gypsum is to control the setting. 
The chemical composition of Portland cement is 64–67% CaO, 5–5.5% Al2O3, 3%  
Fe2O3, 22% SiO2, 1.4%MgO, and 2.1 % SO3, in addition to minor quantities of 
alkali. The clinker consists of four main phases, namely, 50–70% alite (tricalcium 
silicate Ca3SiO5), 15–30% belite (dicalcium silicate Ca2SiO4), 5–10% aluminate 
(tricalcium aluminate Ca3Al2O6), and 5–15% ferrite (tetracalcium aluminoferrite 
Ca2AlFeO5). Upon the reaction of cement with water, it hardens and forms hydrated 
gel due to the reaction of water with all cement phases. At the early ages of reaction, 
the strength is developed owing to the fast reaction of alite, while after a long time, 
the strength is developed due to the reaction of alite and belite with water [13]. 

Calcium aluminate cement (CAC) is fabricated by firing a mix of limestone and 
bauxite or any materials that contain alumina at 1450–1600 °C. The formed fused 
clinker is crushed and ground until getting very fine powder [14].
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3.1.3 Refractories 

Refractory ceramics are materials that can be fabricated and applied at high temper-
atures. They are mainly applied for lining and repairing the industrial furnaces, e.g., 
steel and metallurgical furnaces, cement kilns and glass melting furnaces. According 
to the type of industry in which they are applied, they can be classified into acidic, 
basic and neutral refractories. The acidic ones are based on SiO2 and silica-containing 
refractories as fireclay series, sillimanite, and andalusite; these types resist the acidic 
slags. The second ones are basic refractories which depend on MgO as magnesite, 
dolomite, chrome–magnesite, and magnesite–chrome; they are resisting the basic 
slags. The third class is neutral refractories which are relatively inert in acidic and 
basic slags. This type includes carbon, chromite, forsterite, and spinels. The refracto-
ries can be applied in the forms of bricks of standard shapes and sizes, tubes, castbles, 
sheet, cloth, tape, and formable shapes. The recommended refractory properties are 
low thermal expansion, high thermal shock resistance, and low thermal conductivity, 
high refractoriness, good cold and hot strength, as well as excellent slag resistance, 
low porosity, and high bulk density [15–18]. 

One of the most interesting systems in refractory ceramics is MgO-Al2O3. 
It exhibits highly refractory oxide materials, namely, periclase (MgO), spinel 
MgAl2O4, and corundum (α-Al2O3). The melting points of these phases are about 
2800, 2100, and 2050 °C, respectively. This system includes periclase, spinel-bonded 
magnesia, spinel, spinel–alumina, and corundum. All of these materials are highly 
refractory and have a wide range of applications for industrial furnaces lining or for 
advanced applications as structural, electronic, and biomaterials [15–18]. 

The known stages for the production of refractory are crushing and grinding of 
raw materials, mixing, molding/casting, drying, and firing. The raw materials include 
clay, bauxite, chamote, sand, magnetite, dolomite, etc. Generally, the refractory can 
be applied in the form of shaped refractories, e.g., bricks, or unshaped refractories 
as castables/concrete, and mortars [15–18]. 

3.1.4 Abrasive Material 

An abrasive material is a hard and tough grain material that can be produced naturally 
and synthetic, and utilized as a medium for cutting, grinding, and polishing processes 
of materials to make a smooth and refractive surface. The natural ones are impure 
natural materials such as emery, corundum, quartz, flint, garnet, diamond, tripoli, 
diatomaceous earth, sandstone, pumice, and natural-sharpening stones [19]. The 
synthetic ones are pure materials since we can control the method of preparation. 
They are like SiC, Al2O3, glass, steel wool, and shot, as well as grit. The abrasive 
grains must be harder and tougher than the medium in which they are applied; 
moreover, they must resist thermal and mechanical shock as well as friability. The 
abrasive processes include grinding, honing, lapping, and polishing.
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3.1.5 Glasses and Glass-Ceramics 

Historically, glass has been discovered thousands of years ago. It is dissimilar to 
ceramic, which is mostly crystalline material; glass is an amorphous material fabri-
cated after fusion of its precursors at relatively high temperature, casting, and then 
annealing at lower temperature. It has attractive properties as optical transparency, 
hardness and easy for shaping and can be applied for conventional and advanced 
applications. For example, they can be applied for window glass, light bulbs, TV/ 
computer display tubes, optics, fiber optics, cookware, and biomedical applications. 
The commercial glass includes soda-lime, lead, borosilicate, aluminosilicate, and 
high-silica glasses. The soda-lime is the most common one; it is composed mainly 
of Na2O·CaO·6SiO2 in the presence of few amounts of alumina, borate, and arsenic 
oxide or antimony oxide. The alumina is added to improve the corrosion and crys-
tallization resistances, while borate enhances the workability and arsenic oxide or 
antimony oxide helps to eliminate the bubbles. This kind of glass is inexpensive 
and is applied in bottles, electric bulbs, and glazing. Borosilicate glass (Pyrex glass) 
has good corrosion and thermal shock resistance and could be applied in automo-
bile headlamps, cookware, and laboratory apparatus Alumino-silicate glass can be 
applied when high chemical durability, strength, and resistance to devitrification are 
needed, e.g., cookware, fibers, and seals. Lead glass has a high refractive index, so it 
has a high luster and is named crystal glass. It is applied for high-quality artware and 
tableware, radiation shielding, lamp envelopes, seals, and optical ware. High-silica 
glass has high resistance to chemical attack. Fused-silica glass is a special one having 
>99% silica content. It is used at high temperature cycling as crucibles. Fused-quartz 
is a high expensive one and is applied in special optical applications. 

Comparing to the other types of materials, glass is characterized by larger optical 
properties which are affected by the imperfection, impurities, stresses inside glass, 
and surface roughness. 

The addition of nucleating agent and thermal treatment of the glass lead to the 
formation of crystalline materials called glass-ceramics. It is worth to mention that the 
glass-ceramics are regularly not wholly crystallized; the crystallization percentage 
ranges between 50 and 95 vol%, and the remaining is residual glass [20]. To obtain 
glass-ceramic, many parameters should be controlled, e.g., appropriate heat treat-
ment process for the right glass composition since some glasses are highly stable 
and cannot simply crystallize [21]. Nowadays, there is an emerging mandate for 
developing the glass-ceramics to be engaged in various applications. These include 
construction instead of stone [22], optical applications since they have translucency/ 
transparency properties [23–25], and military applications (aircraft and missiles). 
That is glass-ceramics have excellent properties such as low thermal expansion coef-
ficient, excellent abrasion resistance, high mechanical strength, and high radar wave 
transparency [26, 27]. Moreover, glass-ceramics have various biomedical application 
[22, 28].
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3.1.6 Ceramics from Waste Streams 

A huge amount of solid industrial wastes are produced as by-products from many 
industries. These wastes might cause environmental pollution for air, soil, and water 
resources. Recently, a great interest has been directed to use these wastes in the 
production of traditional and advanced ceramic products [29]. These wastes include 
silica fume, waste clays, grog, granite sludge, aluminum dross, blast furnace slag, 
slags from different metals industries, cement dust, glass culets, etc. For example, 
silica fume is a by-product produced after the production of silicon metal and ferrosil-
icon alloy in a huge amount. It consists of very fine and active spherical particles, and 
has been applied in many industrial ceramic products such as cordierite, forsterite, 
mullite, building concrete, refractory castables, and many other ceramic products. It 
has an efficient effect on improving the mechanical properties of building concrete 
and refractory castables. Also, silica fume has been used for the production of foamed 
and non-foamed geopolymers [30]. Moreover, it has been utilized for the produc-
tion of advanced ceramics, nanosilicon carbide, and silicon carbide/silicon nitride 
composites by mechanical alloying and thermal activation method [31–34]. The use 
of various slags, and tailings in the production of conventional ceramics is also 
advantageous for both circular economy and virgin resources’ preservation [35, 36] 

3.2 Advanced Ceramics 

These types of ceramics have received a great attention in the recent technologies 
and they play interesting roles in various industrial applications such as energy 
and energy storage, transport, life sciences, electronics, and communication. This 
is due to their outstanding properties which cannot be originated in the conventional 
materials, such as mechanical, chemical, physical, electrical, optical, and magnetic 
properties [37–39]. Their name varies according to the society; the Japanese say 
“fine ceramics”, American society says “advanced ceramics” or “technical ceram-
ics”, while the European society says "technical ceramics". One of the most impor-
tant things is that these materials are cheaper and more cost-effective than metallic 
ones [37]. Advanced ceramics can be classified into structural ceramics, electroce-
ramics, environmental-related ceramics, ceramic coatings, ceramic composites, and 
nanoceramics for different applications. 

3.2.1 Structural (Engineering) Ceramics 

One of the most interesting types of advanced ceramics is the structural ceramic. 
It includes different types such as bioceramics, tribological ceramics, automotive 
ceramics, and ceramic armors. The demand for structural ceramics comes from their 
applications to protect and serve human beings; thus, they exposed a higher progres-
sive rate. These types of ceramics include alumina, partially/fully stabilized zirconia,
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silicon carbide, silicon nitride and boron nitride, ceramic composites, etc. [40]. The 
following are some examples of structural ceramic materials. 

(A) Alumina (Al2O3) 

Alumina is the most common structural ceramic, since it has several attractive prop-
erties like high melting point, high wearing resistance, high chemical durability, 
low density, good hardness, as well as good strength and availability. It is worth 
to mention that alumina has several crystal metastable polymorphs in addition to 
the stable form (corundum or alpha-alumina). The metastable forms are classified 
into two main classes; a face-centered cubic (fcc), or a hexagonal close-packed 
(hcp) arrangement of oxygen anion. The type of each polymorph depends on the 
distribution of cations inside it. Fcc packing of oxygen contains γ, ï (cubic), θ 
(monoclinic), and δ (tetragonal or orthorhombic), while the hcp forms include α 
(trigonal), κ (orthorhombic), and κ (hexagonal). Some other monoclinic alumina 
forms have been recently recognized. The metastable forms of alumina (e.g., γ-
alumina) have small particle size, and high surface area, thus they can be applied 
as adsorbents, catalysts or catalyst carriers, coatings, and soft abrasives. Alumina 
occurs in nature as alpha-alumina which forms gemstones ruby and sapphire. They 
contain some impurities of titanium (Ti), iron (Fe), and chromium (Cr), and have blue 
and red colors and therefore, they can be used in jewelry industry. On the opposite 
side, leucosapphire is a synthetic and colorless form that has high-strength optical 
components and is commonly used for cabin windows and active laser components. 
Polycrystalline Al2O3 can be applied for various uses like electrical insulation, wear 
resistance, mechanical ingredients, biomedical applications, etc. However, it has 
relatively low fracture toughness along with low fracture strength which leads to 
the rapid spreading of cracks and consequently it has a negative effect on its perfor-
mance for some applications [41]. However, this serious drawback can be overcome 
by preparing composites containing metals to enhance the fracture toughness and 
strength [42–49]. 

(B) Zirconia (ZrO2) 

Owing to its superior mechanical properties along with its high ionic and thermal 
conductivity, ZrO2 has many potential applications [50]. Generally, it has high 
strength, toughness, hardness, and wear resistance, good frictional behavior, none 
magnetic, electrical insulation, low thermal conductivity, corrosion resistance in 
acids and alkalis, modulus of elasticity similar to steel, and coefficient of thermal 
expansion similar to iron. It is chemically inert and has three polymorphs, i.e., mono-
clinic, tetragonal, and cubic. The monoclinic transforms into a tetragonal at 1173 °C, 
the tetragonal transforms into a cubic phase at 2370 °C, these transformations are 
reversible. The transformation of tetragonal to monoclinic is accompanied by 3–5 
expansion and shape deformation. Zirconia can be partially or fully stabilized by 
magnesia or CaO and Y2O3. The main applications of zirconia are pumping compo-
nents, blade edges, wear resistance parts, nozzles, dies, telecommunications, biomed-
ical, refractories, refractory fibers, thermal barrier coatings, electrolytes, oxygen 
sensors, fuel cells, furnaces elements, and gemstones [51].
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(C) Silicon Carbide (SiC) 

SiC is one of the most attractive structural ceramics since it has remarkable charac-
teristics such as good chemical inertness, high hardness, low density, and coefficient 
of thermal expansion, as well as excellent thermal and chemical stability [52]. It is 
found in nature as a mineral moissanite which is rare thus most of the silicon carbides 
are synthetic. One-dimensional (1D) nanostructured materials (e.g., nanowires and 
nanotubes) are highly necessitated for different potential applications. 1D SiC nanos-
tructure has highly desired physical and electronic properties as a wide band gap 
semiconductor of band gap energy ranging from 2.2 to 3.4 eV. This variation in 
band gap is owing to their polytypes with a high electronic mobility and thermal 
conductivity. Since SiC has a high melting point (2873 °C), it can be applied at 
high temperature. Due to its chemical inertness, it can resist the harsh environmental 
conditions. Based upon these outstanding characteristics, SiC is extensively used 
in different industrial fields such as electronics, heating elements, and structural 
materials. Another promising usage for such high-strength material is enhancing 
the thermal and mechanical properties of other ceramics like alumina and mullite 
via composite fabrication [52]. It could be fabricated industrially by the Acheson 
method by silica sand with coke (carbon) at high temperature in electric furnaces. 
The sintering of SiC needs high temperature and inert atmosphere. 

(D) Other Non-oxide Ceramics 

TiC, ZrC, TaC, Si3N4, TiN, BN, AlN, TiB2, ZrB2, B4C, and HfB2 are also interesting 
types of non-oxide ceramics having serious properties and applications when applied 
separately or in composite forms [53–61]. For example, Si3N4 is one of the main 
structural ceramics; it has high mechanical properties and excellent wear resistance. 
This is due to the developed microstructure that arises after liquid phase sintering in 
which high aspect ratio grains and intergranular glass phase lead to excellent frac-
ture toughness and high strength. Si3N4 was fabricated for the first time in 1955 
for use as thermocouple tubes, molten metal crucibles, and also rocket nozzles. It 
was prepared by nitridition of silicon powder compacts, and attention initiated to 
rise for possible use in gas turbines. There are reaction-bonded and sintered silicon 
nitride types. Non-oxide ceramics as carbides and nitrides of group IV transition 
metals have an interesting mix of ionic, covalent, and metallic bonding. This arrange-
ment of bonding makes the materials having significant valuable properties such as 
high hardness (about 25 GPa), very high melting points (>2750 °C), good thermal, 
and electrical conductivity (≥10 W m−1 K−1 and about 200 × 104 ohme−1 m−1, 
respectively). For example, TiN could be extensively applied for biomedical and 
engineering applications since it has excellent hardness and high melting point, high 
electrical conductivity, and low thermal conductivity. TiN and its composites (as nc-
TiN/a-BN/a-TiB2) have commonly been utilized as super hard coatings to enhance 
the wear resistance, thermal stability, and oxidation resistance of mechanical devices 
such as cutting tools and fuel claddings. Most of the TiN composites have an exciting 
color range so they could be applied as super hard decorative coatings. TiB2 is one 
of the high-temperature ceramics which has astonishing characteristics similar to
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that of TiN; mostly with the same applications, but with some limitations owing to 
the difficulties of getting full sintered bodies even after applying high pressure and 
temperature. The high sintering temperature increases the grain growth, which leads 
to decreasing the fracture toughness. Its high melting point, low self-diffusion coef-
ficient, strong covalent bonding, and presence of oxygen-rich layer on the surface 
of the TiB2 powder are the main causes of weak sinterability. One of the most inter-
esting high-temperature non-ceramic oxides for modern structural applications is 
ZrB2. It crystalizes in a hexagonal-system with c/a crystal-parameter-ratio of 1.11, 
this makes it having isotropic properties compared to other classes of high tempera-
ture ceramics. It has also high thermal stability (melting point >3240 °C), relatively 
low density (6.1 g/cm3), and low coefficient of thermal expansion (6.7 × 10−6 K−1). 
These properties make it suitable for an extensive range of applications as aerospace 
and high-temperature industries. The main problem which faces ZrB2 is the poor 
sinterability; it comes from intrinsic strong covalent atomic bonds leading to very 
low self-diffusion. Thus, diffusion-promoting parameters like time, temperature, and 
pressure are usually required to increase its sintering, but they have some drawbacks 
as grain coarsening. This grain growth is typically occurred when the grain-boundary 
diffusion rate is considerably higher than the bulk diffusion rate. This means the 
diffusing atoms incline to move at grain boundaries rather than in bulk of the crystals. 
This performance might become leading in materials with stronger atomic bonds. 
So, the addition of diffusion promoters may improve the overall diffusion through 
the sintering process. On the other hand, ZrC and ZrN are high-temperature ceramics 
having interesting applications in exciting high-temperature environments as nuclear 
applications in generation IV reactors. These materials have required properties as 
high thermal and electrical conductivities as well as high hardness and melting point. 
Due to the high melting point and oxidation of these non-oxide ceramic materials, 
their consolidation methods are a vast challenge. There are many sintering approaches 
that have been utilized for the preparation of non-oxide bulk ceramics and coatings 
such as pressureless sintering (PS), hot-pressing (HP), and spark plasma sintering 
(SPS), chemical vapor deposition, physical vapor deposition, etc. 

Bioceramics 

A large number of scientists worldwide have exerted much effort on the opportu-
nity to repair and regenerate the diseased/damaged human tissues and organs. This 
approach is the so-called “tissue engineering” which gained more developments 
after discovering the biomaterials [62]. This approach depends on the utilization of 
appropriate biomaterial for proliferation of cells and growth factors to regulate the 
cellular functions [63, 64]. The selection of the proper biomaterial for accomplishing 
this purpose is not easy since it should meet numerous requirements. Based on this 
principle, the main requirements can be presented briefly in the following points:
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(i) Porosity 

Owing to the porous structure of trabecular and cortical bone, which is essen-
tial for blood movement, perfect scaffold should have a relatively high porosity 
with suitable inter-connectivity. The porosity permits the passage of substantial 
nutrients, osteogenic cells, and molecules that are required for mineralization and 
vascularization throughout the structure. 

(b) Biocompatibility 

In 2008, biocompatibility has been defined as the ability of the material to facilitate 
natural cellular and molecular activity within a scaffold without inducing systemic 
toxicity [65]. Meanwhile, it also involves the osteoconductivity, osteoinductivity, 
and blood vessels formation around its implantation site. 

(iii) Biodegradability 

One of the most important requirements of optimum scaffold is that it should possess 
controlled biodegradation rate over time when it is inserted into the human body, 
taking in mind that the biodegradation rate should be comparable to that of tissue 
regeneration. It should be noted that this rate is highly correlated to the kind of chosen 
material and its properties for specific application. 

(d) Mechanical properties 

It is widely accepted that the clinical success of scaffold is based on the matching 
of its mechanical properties with that of living bones. However, the stiffness of the 
scaffold should not hinder in-vivo bone growth to help the structural integrity to 
physically support itself [66]. 

Recently, tissue engineering approach has been effectively developed for treating 
several organs like skin [67], bone [68], and cartilage [69]. This wide application 
for such an approach is accomplished through the great development of biomaterials 
which are substantial for tissue regeneration [70]. Therefore, it is very useful for the 
readers of this chapter to get an overview of the biomaterials and their classification. 

Generally, a material that is utilized for a medical application is called “bioma-
terial” [71]. Biomaterials are divided into polymers, composites, metals, and bioce-
ramics. Keeping in mind that they should have many desirable properties such as 
biocompatibility, stability, and having mechanical properties comparable to human 
bones [72]. Bioceramics are considered as a large subset of ceramics which are 
specific for replacing damaged/diseased parts of the human body. They involve 
crystalline, partially crystalline, or amorphous materials, and they can be divided, 
according to their behavior when they implanted in the body into three categories as 
follows [73]. 

a. Nearly bioinert ceramics: Materials that exhibit no reactions within the body, 
but they are biocompatible and accordingly they are not suffering from body-
rejection problems. The most famous examples of such a category are Al2O3 and 
ZrO2 [49].
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b. Biodegradable materials: They are able to rapidly dissolve in the body under 
physiological conditions. Tricalcium phosphate (TCP) and porous magnesium 
alloys are the common examples of such a type of biomaterials [74, 75]. 

c. Bioactive materials: They show a favorable reaction when they are inserted 
into the human body through the formation of hydroxyapatite (HA)-like layer 
on their surfaces which is responsible for the formation of strong bond with the 
surrounding bone tissues. This category includes bioactive glass [76–78], bioac-
tive glass-ceramic [79], hydroxyapatite [80–84], fluorapatite [85], and silicates 
compounds [86]. 

It is substantial to stress that, beside the aforementioned desirable properties of 
these specific ceramics, they also possess other excellent characteristics such as their 
high corrosion and wear resistances, thermal stability, high strength, hydrophilicity, 
and excellent chemical durability [6, 39, 87]. In this regard, in 1970, traditional 
stainless steel head of hip has been replaced by the sintered Al2O3, where the latter 
material possesses low density which is very beneficial for surgical operations. A 
great evolution for using ceramics in orthopaedic and dental applications has been 
approved after the approval of the US Food and Drug Administration in 2003 for 
ceramic-on-ceramic hip joint replacements. In spite of these amazing properties for 
such materials, they also have some drawbacks which need to be solved like their 
low fracture toughness compared to natural bone [88]. 

Since the bioactive ceramics are the most interesting categories for dental and 
orthopedic applications, we have to briefly discuss some important information about 
these promising ceramics. 

Bioactive glasses (BGs): Highly bioactive glass compositions form the desirable HA 
or carbonated hydroxyapatite (CHA)-like layer on their surfaces when inserted in the 
body within few days or even within few hours, and can also stimulate the prolifer-
ation and differentiation of osteoblasts through the release of the leached ions from 
BGs. Therefore, the past four decades have already witnessed the development of 
different systems of BGs including silicate, phosphate, borate borophosphate, etc. All 
these types exhibit biocompatibility, bioactivity, and good bioresorbability. Addition-
ally, some metal oxides like silver oxide (Ag2O), gold oxide (Au2O3), cupric oxide 
(CuO), zinc oxide (ZnO), and titanium oxide (TiO2) can be added to glass compo-
sition to give the prepared glasses good and even excellent antibacterial behavior 
against different species. In spite of the brilliant biological properties of BGs, their 
clinical applications are restricted due to their inappropriate mechanical properties 
compared to those of human bones. Accordingly, the crystallization of these glasses 
into their corresponding glass-ceramics or incorporation of another phase, which 
possesses suitable mechanical properties with the aim of producing biocomposites 
having the desired mechanical and biological characteristics have been developed. 
Based on these outstanding properties, this bioceramic type receives great attention 
from researchers around the world [76, 77]. 

Bioactive Glass-Ceramics: They are characterized by the abovementioned amazing 
biological properties for BGs along with better mechanical properties due to that
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crystallization process is responsible for significant shrinkage in their microstructure 
giving good physical and mechanical properties [77]. Unfortunately, crystallization 
process may lead to severe reduction in their bioactivity behavior depending on the 
starting glass composition, the used sintering conditions, and the resulting phases 
[79]. 

Hydroxyapatite (HA; Ca10(PO4)6(OH)2): It is a very promising alternative for 
damaged/diseased bone where its structure and composition are very similar to those 
of human hard tissues [89]. Moreover, when HA is in nanoscale range, it exhibits 
better bioactivity, because of its high surface-to-volume ratio. As a rule, there are 
two kinds of HA; namely biological and synthetic ones. The biological one is char-
acterized by the presence of many substitutions such as fluorine (F), sodium (Na), 
zinc (Zn), magnesium (Mg), and carbonates (CO3) into its crystal structure giving 
it superior biological characteristics. Notably, synthetic HA can be fabricated by 
several methods such as sol–gel, hydrothermal, solid-state reactions, mechanochem-
ical synthesis and wet precipitation methods. For a more comprehensive view, it 
should be noticed that these methods require some cautions during preparation 
because the characteristics of the final product are strongly correlated to the various 
conditions. In spite of the aforementioned characteristics, its major limitation for 
use in clinical applications is its poor mechanical properties and accordingly, its 
applications are restricted in bone augmentation and middle-ear implants [82]. 

Fluorapatite (FA): It is commonly utilized as a biomaterial because of its superior 
biological properties such as high durability, good hardness values, and reduced 
solubility. It is possible to say that the latter property is very beneficial for biomed-
ical applications where high solubility rate can lead to considerable weakness in 
the chemical bond between the biomaterial and fresh grown hard tissues. The major 
reason behind these excellent characteristics is the existence of F− ions in the center 
of Ca2+ triangle and its crystal structure. Additionally, the presence of F− ions is 
favorable for the prevention of tooth decay, and inhibiting bacterial activity. In addi-
tion, through bone formation, F− ions work to promote the mineralization as well as 
the crystallization of calcium phosphate. Another benefit of FA, compared to HA, 
is that it shows better cell adhesion, good adsorption of the proteins, and improved 
effectiveness for alkaline phosphatase [86]. 

Calcium silicates (CS): They are usually employed for bone regeneration purposes 
and they include several promising types like wollastonite (β-CaSiO3), pseudo-
wollastonite (α-CaSiO3), and dicalcium silicate (Ca2SiO4). All these aforementioned 
types show an excellent bioactivity behavior and positively affect the mineralization 
process of hard tissues. On the opposite side, like the abovementioned biomaterials, 
the major limitations of their broad uses in biomedical applications are their poor 
mechanical properties and high biodegradation rate [90]. Based on this fact, some 
other materials encompass Al2O3, graphene oxide, carbon nanotubes, and polymers 
can be added to CS ceramic to give the desirable mechanical properties and control 
their biodegradation rate.



16 M. F. Zawrah et al.

Amazingly, some bioactive ceramics like HA or FA can be also employed as 
delivery systems for proteins, genes, vitamins, anticancer, and anti-inflammatory 
drugs [91–95]. 

Tribological and Automotive Ceramics 

Nowadays, ceramics having high thermal stability, and excellent wear resistance are 
of great interest for tribological and automotive industry. Some ceramics such as 
SiC, Si3N4, Al2O3, AlN, TiN, MgO, and their composites with each other or with 
metals can be also used for such applications. Generally, aluminum matrix compos-
ites (AMCs) have excellent properties as strength, stiffness, and wear resistance. 
Accordingly, they can be broadly utilized in different applications when mixed with 
the aforementioned ceramics with the aim of improving their physical, mechanical, 
and tribological properties. The incorporation of ceramic particles in the alloys leads 
to increasing the strength and decreasing the ductility of alloys [96]. 

Ceramic Armors 

In the past years, numerous kinds of metals and alloys have been utilized in the 
production of armors. Recently, ceramics and their composites have been developed 
to be used as armors due to their excellent mechanical properties. Particularly, boron 
carbide represents the strongest and lightest ceramic kind utilized in armors. The 
ceramic plates are hard enough to scatter the bullets considering that the armor pushes 
out on the bullet with the same force with which the bullet pushes in. Consequently, 
the bullet is banned from penetrating the body. In spite of the effectiveness of ceramics 
used for this purpose, the protective value is severely reduced owing to the successive 
impacts; this still is a major drawback. Hence, one talented strategy to overcome this 
disadvantage is to reduce the size of ceramic tiles to the smallest possible size, while 
the matrix substances have a thickness of at least 25 mm [97]. 

3.3 Ceramic Composites for Different Applications 

1. Aircraft industry 

One of the most significant applications of ceramic composites is the aircraft industry. 
The famous examples of such composites are fiberglass, carbon fiber, and fiber-
reinforced matrix systems [98]. 

2. Heat-shield systems 

These systems are crucial for space vehicles since the ambient temperature is elevated 
throughout the re-entry phase which subsequently, leads to the occurrence of thermal
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shock and heavy loads. Moreover, they can also be used in the fabrication of brake 
system components due to their ability to be subjected to excessive thermal shock 
with high mechanical resistance [99]. 

3. Biomedical applications 

Despite the great advantages of ceramics, their biomedical applications are restricted 
due to their brittleness. Therefore, one of the most promising solutions to counter 
this problem is the preparation of ceramic-containing composites. Thanks to this 
solution, the uses of these precious materials were widely expanded to [100]: 

A. Dentistry 

• Dental restorative materials. 
• Fixed/removable dental prostheses. 

B. Oral and maxillofacial surgery 

• Dental implants. 
• Temporomandibular joint prostheses. 
• Cranial bone repair. 

C. Tissue Engineering 
D. Orthopedic 

• Bone graft. 
• Bone fracture internal fixation devices. 
• Joint prostheses. 
• Artificial tendons. 
• Artificial ligaments. 
• Artificial cartilage. 

3.4 Electroceramics 

Generally, ceramic materials are attractive materials for optical, electrical, and 
magnetic applications. The electroceramics with low electric-resistivity are valuable 
in making integrated circuits. On the contrary, those with high electric resistivity can 
be employed in the manufacturing of capacitors. Some electroceramics display piezo-
electricity property and thus, can be needed in the manufacturing of transducers for 
microphones. It is significant to note that these ceramics are usually based on (Pb, Ti, 
and Zr)O3, and accordingly, they are abbreviated as "PZT" compositions. Moreover, 
other types of electro-ceramics have good magnetic properties and accordingly, are 
favorable for transformer cores/permanent magnets. Other types of electroceramics 
are attractive for optical properties, i.e., luminescence, and lasing. Bearing in mind 
that the optical properties of these types are changed as a result of applying electric 
fields and thus used as modulators, demodulators, and switches [101, 102].
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3.4.1 Conductive Ceramics 

It is well established that the several types of ceramics display high electrical resis-
tivity where they resist the flow of electric current. Based on this fact, they are 
usually used as electric insulators. Remarkably, some ceramics show excellent elec-
tric conductivity. As we know, electric conductivity can be divided into electronic 
and ionic. The first kind takes place because of the passage of free electrons via 
the substance. Since the atoms are well bonded with each other due to the ionic 
bonds, free electrons are forbidden to pass. In some circumstances, the inclusion of 
impurities can work as donors/acceptors of electrons. Conversely, the second type of 
electric conductivity depends on the transport of ions, through vacancies in the crystal 
structure of the material, from one site to another. It is important to underline that 
ions hopping is very little at normal ambient temperatures, while, at higher tempera-
tures, vacancies become mobile and special ceramics show the so-called “fast ionic 
conduction”. Noteworthy, these ceramics are very desirable in some applications 
such as gas sensors and batteries [103, 104]. 

3.4.2 Thermoelectric Ceramics 

These ceramics are continuously engaged as semiconductors. For such applications, 
the ceramic should have a high Seebeck coefficient which is also well known as 
thermoelectric power or thermoelectric sensitivity of the material. It is the magnitude 
of produced thermoelectric-voltage due to the temperature difference across that 
material. For metals, it should have high electrical conductivity with relatively poor 
Seebeck coefficient. The thermoelectric ceramics can be widely applied in devices 
that are working at high temperature as combustion engines, gas turbines, power 
plants including nuclear power plants, furnaces, heaters, or associated with solar 
cells/solar heaters. However, the energy source for such conversion devices depends 
on the difference between the temperature inside the chamber and that of external 
environment. The application of thermoelectric ceramics in these devices makes 
them cost-effective devices along with their long lifetime, and the produced waste 
heat can be easily turned into electricity. This means that these devices are deemed 
as environmentally friendly and economical [105]. 

3.4.3 Ceramic Coatings 

Recently, high-technology applications need the development of materials with 
superior surface properties to be used in different industries like mining, forestry, 
construction, cutting tools, electronics, and engineering ceramics for automotive and 
aerospace industries. In spite of the importance of such industries for economy, they 
are continuously threatened by many factors such as the price, the erosion, and corro-
sion of the used raw materials, etc. Thus, one of the best solutions to face the wear, 
erosion, and corrosion problems is to coat the used materials with super hard ceramics
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[106, 107]. In this regard, advanced ceramics can be utilized as coatings for different 
materials, especially metals and bulk ceramics to be suitable for different techno-
logical applications. For example, ceramics coatings on metallic materials received 
noticeable development in the 1970s, and since then, this field gained more interest 
for coating of many alloys which need excellent performance in different applications 
like adiabatic engines [108], and cutting tools. It is important to stress that ceramics 
coatings exhibit superior properties as they work to improve the thermomechanical 
performance of metallic substrate [109, 110]. Meanwhile, these coatings are desir-
able for protecting metallic substrate against corrosion and oxidation. Additionally, 
they act also to minimize wear damage and decrease the base metal temperature in 
thermal barrier coatings [111]. There are several approaches for surface modifica-
tion of metals and ceramics. These include surface modification of ceramic by laser 
technique [112], and surface coating of metals using different tools such as chemical 
vapor deposition, physical vapor deposition, and so on [113, 114]. 

3.5 Environmental-Related Ceramics 

After the oil crisis in the 1970s, there is a high demand for the development of 
advanced energy-efficient engines. The traditional engines are different from the 
advanced ones; they are working at high temperatures. This means that the ceramics 
are the most suitable materials that can be applied at higher temperature while 
keeping their characteristics without noted damage in their functionality. These 
ceramics include silicon carbide (SiC), silicon nitride (Si3N4), and partially stabilized 
zirconia (PSZ). It is worth to mention that these kinds of engines are cost-effective 
ones with excellent performance and consequently they are highly recommended for 
power-generation purposes as stationary gas turbine parts [115]. Furthermore, these 
ceramics are playing an effective role in preserving the environment from pollution, 
since they are broadly used in manufacturing of hot gas filter elements that are able 
to operate at elevated temperatures [38]. Due to their high surface area, outstanding 
mechanical properties, and their resistances against thermal shock, these filters are 
very talented for catalyst support. 

It is well known that the heat exchanger produced from ceramic can be applied 
at high temperature like 1500 °C for waste recovery purposes. Thus, it can save 
50% of the fuel compared to the metallic one that can save only 20–30% [103]. SiC 
is characterized by high thermal-conductivity, wear and corrosion resistances, and 
thus, it is considered as the one of most promising ceramics for such application.
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4 Ceramics Processing 

There are three essential stages for ceramic processing: 

(a) Powder preparation; 
(b) Shaping or forming of the needed bodies; 
(c) Sintering of the shaped bodies at suitable temperature. 

4.1 Powder Preparation Process 

For conventional and advanced ceramics, the powder may be prepared by grinding 
and calcination (solid state route) of natural or synthetic materials like oxides, hydrox-
ides, carbonates, or other salts [116]. Other approaches as chemical precipitation 
(for single oxides) or co-precipitation (for complex oxides) [60, 117–121], sol–gel 
[122], gel-combustion [123] and hydrothermal reactions [124] are also accessible for 
accomplishing this purpose. However, in spite of these altered methods, solid-state 
route is quite the most promising among the others due to its cost-effectiveness. 
Unfortunately, this method may give inhomogeneous powder. On the other side, 
the other wet-chemical methods offer an outstanding homogeneity, but they are 
fitting only for laboratory studies since they are sophisticated, expensive and give 
the resulting product in low quantities. Interestingly, wet chemical methods can be 
combined with solid state where the main materials are solids, while the dopants or 
additives are added via chemical processes [125]. 

4.2 Forming (Shaping) Processes 

These processes are utilized to convert ceramic powders into the required shapes and 
bodies. Briefly, powders are firstly well mixed and converted into wet powder by water 
or suitable mixing agent as polyvinyl alcohol, starch, etc., or into slurry by suitable 
slurry forming techniques as slip-casting or gel-casting, etc. The wetted powder is 
compacted in the suitable dies by different techniques. It is worth mentioning that the 
current forming processes are axial and isostatic dry pressing, hot pressing, porous 
molding, tape molding, extrusion or injection molding. Of course, the obtained bodies 
after forming have low mechanical properties, and high apparent porosity. However, 
the main purposes of forming processes are to accomplish high packing of ceramic 
particles and removing most of the pores to avoid the possible microstructure defects, 
which affect the characteristics of the resulting product. This issue depends on several 
parameters, and should be considered during preparation. These factors are particle-
size and particle-size distributions, homogeneity, agglomeration, and the flow of 
powders during the shaping process. Furthermore, some other advanced routes are 
available for getting green bodies by thermal treatment prior to sintering process such
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as hot pressing, deposition of molten particles, and deposition of vapor phase (CVD) 
[126]. In these methods, obtaining green pieces with the preferable shapes is followed 
by drying with the aim of removing the organic-parts. In all cases, the shaped products 
should be dried to remove the solvents by evaporation. Unfortunately, this process 
can generate defects inside the bodies, and consequently cracking the green sample 
due to the fast formation of solvent-gases and contractions of the sample. So, the 
drying process should be completed under a controlled atmosphere and temperature 
conditions [127]. 

4.3 Sintering Process 

It is well known that the key-parameter for production of final ceramic parts is the 
sintering process, which is responsible for the solid-state reaction between the grains 
and elimination of pores scattered in the sintered body. This stage involves applying 
high temperature on the shaped ceramic bodies, keeping in mind that it should be 
lower than its melting point. Several phenomena are occurring during this process, 
which stimulates the consolidation and densification of the shaped part. Also, many 
reactions can occur and lead to considerable changes in the chemical composition 
and/or phase composition of the sintered product. Hence; the ultimate properties of 
ceramics are mostly affected by this process [128]. It is important to highlight that 
the exact adjustment of essential temperature and time is significantly associated 
with the required connectivity, porosity, and densification. The main properties of 
sintered ceramics depend mainly on temperature, time, initial density, particle size, 
particle size distribution, and the whole process [129]. 

It is well confirmed that the properties of polycrystalline ceramics are strongly 
affected by their microstructure. Consequently, in order to improve the properties 
and the reliability of ceramics, the density, grain size, and microstructure homo-
geneity should be exactly controlled [130]. Unfortunately, the production of highly 
dense ceramics having nanometric or submicrometric grain size is difficult through 
conventional sintering. Instead, other manufacturing routes are available for the 
preparation of these ceramics such as colloidal powder processing with controlled 
distribution of particle sizes [131] with or without using sintering additives [132], 
pressure-assisted sintering [133], spark plasma sintering (SPS) [134] and pulsed elec-
tric current sintering (PECS) [135]. However, these methods are not cost-effective 
due to their expensiveness and complexity [136]. 

4.3.1 Mechanisms of Sintering 

Solid State Sintering 

In this type of sintering, a relatively high temperature is required to facilitate the 
diffusion process. Since the diffusion is a matter of transportation mechanism, it
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induces both densification and grain growth. According to this aspect, the sintering 
environments that permit the occurrence of densification without simultaneously 
encouragement of grain growth are most suitable for microstructural refinement with 
the production of highly dense ceramics and nanometric grains [137]. As reported 
in Ref. [126], solid-state sintering can occur through three sequential stages: 

a. The powder particles should be compacted to attain the proper connection with 
each other. 

b. The particles begin to form necks between each other when the sintering tempera-
ture reaches 2/3 of their melting point, and then they are intensely bonded together 
after the formation of necks. Furthermore, increasing the contact areas between 
the grains tends to the successive increase in the density of sintered bodies and 
decrease in the total void volume (porosity). Remarkably, the particles having 
small diameter possess high surface area and high surface free energy which are 
considered as the driving force of sintering process. Accordingly, the surface 
area is thermodynamically reduced by bonding the particles together, which is 
responsible for considerable reduction in the energy. 

c. The third stage is characterized by full bonding of grains with the completion 
of solid state reaction. Moreover, the residual porosity becomes closed-off pores 
which consequently leads to improving the microstructure and mechanical prop-
erties of sintered bodies. It should be noticed that the particle size of the original 
powder greatly affects the pores sizes and their distribution. Examples of mate-
rials which have been sintered by this mechanism were published in our recent 
works [45, 138, 139]. 

Liquid Phase Sintering 

This kind of sintering is highly appropriate for numerous industrial fields like steels, 
cemented carbides, heavy alloys, bronzes, and silicon nitride systems. This mecha-
nism is intensely dependent upon the presence of liquid phase during all or part of 
the sintering process to improve the material’s densification. There are two different 
processes: 

a. Normal liquid phase sintering in which the original ceramic compressed in situ 
forms liquid phase, and is accompanied by the formation of one or more 
components (multi-phase formation) after heat treatment. 

b. In this type of liquid phase sintering, infiltration of original ceramic bodies by 
liquid formed outside the ceramic bodies occurred throughout the early sintering 
period. 

Liquid phase sintering proceeds via three steps as follows: 

1. Liquid flow and pore/particle rearrangement. 
2. Accommodation or dissolution and re-precipitation. 
3. Coalescence and final densification.
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It is worth mentioning that these steps typically occur with their approximate 
sequence and might be overlapped for some systems. The development in liquid 
phase sintering is responsible for dropping the densification-kinetics. The early 
densification is enhanced by raising the liquid amount up to closely 35 vol% [140]. 

Activated Sintering 

This kind of sintering deals with the possibility of depressing the sintering tempera-
ture by adding various activating agents or sintering aids as certain transition metals 
and oxides. For example, it is well known that SiC has exciting features owing to 
strong and stiff Si-C bonds. This makes significant difficulties in its sintering due to 
low self-diffusion coefficient [141]. Accordingly, the presence of some additives is 
crucial for facilitating the sintering process. The most utilized aids for this purpose 
are Al2O3 and ZrO2 [142] which are responsible for reducing the needed tempera-
ture for the accomplishment of the sintering process. On the other side, hardness and 
thermal stability may be negatively affected by these aids [143]. On the contrary, 
the occurrence of boron and carbon may overwhelm this problem by taking into 
consideration that sintering should be occurring at elevated temperatures to let the 
sintered bodies have high hardness values and relative density similar to theoretical 
one [144]. It is significant to emphasize that the existence of numerous polymorphic 
structures in SiC, i.e., β and α is considered as another difficulty for obtaining dense 
structure. Although, β is the major phase that exists during SiC synthesis, it can easily 
convert to α one [145, 147]. 

Reaction Sintering 

It is a modern sintering type, discovered with production of new materials. Reaction 
(chemical) sintering is specific for the materials that cannot be compacted under 
the traditional mechanisms as a result of physical processes, but it occurs due to 
the chemical reactions. The existence of reagents in the starting materials or their 
entrance from outside as a result of gaseous medium existence in furnace space 
leads to the creation of gaseous, or liquid product throughout sintering process. In 
this process two or more components react together with the possibility of dimen-
sion and density changes during densification [146]. In this regard, cold isotactic 
pressing (CIP) is very useful for accomplishing high densification way during the 
final sintering process, where it helps to promote the densities of green bodies by 
5–10% [145]. On the opposite side, pressure-less sintering process such as vacuum 
or microwave leads to the enlargement of grains sizes, while pressure sintering such 
as hot-pressing (HP), hot isotactic pressing (HIP) and spark plasma sintering (SPS) 
help in suppressing the grain growth [146] and promote the reaction sintering as well 
as reducing the sintering time and temperature.
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4.3.2 Factors Affecting Sintering Process 

There are many factors affecting sintering process. Some of these factors are specific 
to the materials, while the others belong to the process itself. The followings are the 
brief description of such factors. 

Process Factors 

A. Temperature: it is a very significant parameter for controlling both the rate and 
magnitude of the sintering-associated changes. 

b. Time: is another effective factor for improving the densification with less 
effectiveness than temperature. 

c. Atmosphere: is crucial for obtaining the desirable results. 

Materials Factors 

A. Particle size: It is well known that reducing particle size contributes to 
considerable enhancement of sintering process. 

b. Particle shape: Reduced sphericity and increasing macro or micro-surface rough-
ness are responsible for close contacts between particles, and considerable increase 
in the internal surface area encourages the sintering process. 

Particle structure: A fine grain structure within the original particles induces 
sintering process because of its desirable effect on material transport mechanisms. 

Particle composition: It is well known that the presence of additions or impurities 
within the metals can positively or negatively affect the sintering kinetics. The distri-
bution and the reaction of impurities greatly identify whether this effect is harmful or 
beneficial. For example, the oxidation is frequently harmful, while dispersed phases 
within the matrix strongly encourage the sintering by prohibiting the motion of grain 
boundaries. On the other hand, at high sintering temperatures, the expected reaction 
between the impurities and either base metal or alloying elements can be highly 
unfavorable. 

Green density: High driving force for sintering can be easily achieved through 
increasing the amount of internal surface area which arises from the decreased grain 
density [147].
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4.4 Simulation of Sintering Process 

It is well known that the sintering process is the key-parameter for ceramic fabri-
cation, and it significantly affects the value, yield, and price of ceramic products. 
However, it is important to note that the quality of the sintering process depends on 
the temperature distribution and the experience of researchers. Therefore, sintering 
of large ceramic bodies leads to a huge economic loss due to the enormous waste 
of resources. Moreover, from the environmental-protection point of view, and the 
resources management, the traditional sintering is not suitable for industrial progress. 
Based on these important facts, the use of computers is beneficial for improving this 
important process. In this sense, computer-aided sintering (CAS) helps in smart 
ceramics sintering. CAS technology is a breakthrough for good quality coupled with 
lower energy consumption [148–151]. 

Recently, neural network has received a great interest after the revolution of inte-
grated circuits and computer technology. Nowadays, this network is applied in several 
fields like intelligence control, knowledge processing, robot technology, computer 
vision, sonar signal processing, etc. In this context, this network has been also applied 
in the ceramic industries. Neural network is classified into two classes; namely feed 
network and feedback network. However, Backpropagation (BP) neural network 
algorithm is the most common algorithm of the first class. Using the neural network, 
some researchers have successfully built a BP network model to determine some 
factors such as thermal insulation time, heating rate for different stages, and average 
of high temperature section. The use of this model was helpful in identifying 20 
samples with an accuracy of 90%. It is important to say that the application of the 
neural network in ceramic industries is very successful for identifying and predicting 
the materials’ properties as well as their defects, etc. So, we hope that scientists will 
expand their interest toward the application of the neural network for various ceramic 
materials [148]. 

5 Novel Processing Ceramic Techniques 

5.1 Magnetic Slip Casting 

Generally, slip casting is a method used to cast a colloidal ceramic-suspension into 
a porous mold, dried and consolidated by sintering. This method is very attractive 
due to the fact that it is a water-based process, which provides a high flexibility 
of slurry compositions. Therefore, it can be used in the case of slurries made of 
ceramic powders, metal/ceramic mixtures, etc. Unfortunately, it is not desirable 
for the industrial scale and therefore must be combined with other technologies. 
For instance, during casting, pressing/centrifuging can be used. Also, the manufac-
turing processes can be coupled with magnetic fields to enhance properties of dense 
bodies through texturing. It is well established that the attractive/repulsive forces
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of paramagnetic/diamagnetic materials are generated by magnetic fields. In liquid 
suspensions, magnetic fields are able to manipulate the location and orientation of 
the particles. By taking advantage of their remoteness as well as tenability, magnetic 
fields are preferred over other processing techniques. Moreover, when it is generated 
by passing an electric current through coil or electromagnet, it can be turned on and 
off. In magnetic slip casting, a magnetic field is applied through the casting process 
to orient the preferential crystalline axis of the ceramic grains taking into account 
that most ceramic materials are diamagnetic. Therefore, one can expect that when 
an external magnetic field is applied to them, an internal magnetic one is induced in 
the other direction. Thus, a repulsive force is created. It is worth to mention that the 
strength of the applied external magnetic field must be extremely high to generate 
such an induced internal magnetic field as the diamagnetic materials are charac-
terized by their low magnetic susceptibility. In order to reduce the strength of the 
external magnetic field, the magnetic sensitivity of the diamagnetic materials can be 
increased via transforming the diamagnetic ceramic powder by magnetic elements. 
Particularly, the crystalline/shape anisotropy of the starting ceramic powder controls 
the orientation of the ceramic powders [152]. 

5.2 Laser Surface Texturing 

In 1969, LASER (Light Amplification by Stimulated Emission of Radiation) has 
been discovered by Maiman and since then, this technology is applied in various 
important industrial and medical fields. In short, if the laser beam hits a material, it is 
partially reflected, partially transmitted, and partially absorbed. Hence, the electrons 
in this material are excited, which leads to an increase in thermal energy. The laser 
beam can be a continuous wave or a pulsed wave. The first type acts to transform 
uniform energy to the material’s surface. On the contrary, the second one allows 
achieving a higher peak power. Indeed, the pulse duration is short to convey the 
energy to the desired area before that conveyed by the previous pulse has dissipated. 

Laser surface texturing relies on utilizing the laser beam to produce ablation 
in which the material is selectively removed from the surface. In this respect, a 
pulsed or high-intensity continuous wave laser is suitable for this purpose. The abla-
tion process can be performed through three mechanisms. They are photochemical 
(bond-breaking), photothermal (temperature increase), and photophysical (ejection 
of material from the surface due to a laser-induced shockwave [153, 154]. 

Laser surface treatment of ceramic materials has also been paid great attention 
since it is an effective and economical process for improving the surface proper-
ties. Re-melting, sealing, or alloying by laser can change the ceramic material into 
functional materials. It has been reported that tribological properties such as wear 
resistance, and friction can be significantly improved by laser treatment. Zawrah 
et al. reported on surface alloying of alumina ceramics using IR-CO2 laser by adding 
HfO2 or HfO2 with 5 or 10 mol.% SiO2, CeO2 and cordierite. They found that the 
tendency of crack formation and grain growth was significantly decreased after laser
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treatment. The treated layers exhibited no open porosity, and contained 20–40 vol% 
second phases homogeneously distributed around the grain boundaries of the alumina 
matrix. Due to alloying, average grain size, hardness, and elastic modulus of the 
composite layers have been reduced, but resistance to cracking under the mechanical 
action of sliding diamond (scratch test) and abrasive wear was significantly enhanced 
compared with the unmodified dense alumina ceramic [155]. 

5.3 Cold Sintering 

Generally, all bulk ceramic materials are fabricated using green shaping followed by 
sintering at temperatures usually higher than 1000 °C, so this process is considered 
as a highly energy-intensive process and high-energy dissipation approach. Most 
of the energy used for firing dissipates irreversibly through the furnace insulation 
and lost during cooling. The demand to decrease the consumption of energy and 
CO2 produced during firing of ceramics urged the scientists to develop consolidation 
techniques operating at lower temperatures, ideally not more than 300 °C. Cold 
sintering is a remarkably low-temperature process that uses a transient transport water 
phase and an applied uniaxial force to support the densification of powder compacts. 
The liquid phase can accelerate plasticity, grain boundary/surface diffusion, and 
mass transport. By utilizing this method, many ceramic powders can be transformed 
into highly dense monoliths at temperature far lower than the melting point. The 
existence of water can promote the atomic diffusion at the particle surface without 
raising the temperature. Using cold sintering process, the researchers succeeded to 
reduce the consumed energy for consolidation of BaTiO3 powders from 2800 to 30 
M kg–1. Other researchers conducted an interesting experiment to compare between 
hot and cold sintering of 1 Kg of ZnO. In the case of hot sintering, the consolidation 
required 291 MJ kg−1, while cold sintering required 162 MJ kg−1 [156]. 

5.4 Flash Sintering 

As previously discussed, the main disadvantage of conventional sintering process is 
the high energy consumption along with the release of carbon dioxide. In response 
to this drawback, the European Commission approved in 2007 the heat consumption 
required for production of different types of ceramics [157]. The greatest energy 
needed for sintering process is estimated by some mega-joules per kilogram of 
resulting ceramic product. Flash sintering (FS) has been discovered in 2010 by 
Cologna et al. [158]. This technique is based on applying an electric field to the 
sample powders. Under coupling the electric field and furnace temperature, the densi-
fication of ceramic material occurred in a very short time. This time ranges between 
a few seconds to a few minutes. Actually, the success of Cologna’s experiment was 
based on the previous study by Gosh et al. [159] in 2009. In that work, the effect of
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applying a weak DC-electric field for 3 mol.% yttria stabilized zirconia (3YSZ) was 
described. The application of a weak electric current evidently reduced the rate of 
grain growth. 

5.5 3D Printed Ceramics 

Three-dimensional (3D) printing is a modern manufacturing and an additive tech-
nology. In this technique, the physical parts are fabricated in an additive manner, 
separated point by point, line by line, or layer by layer are digitally sliced into 2D 
cross sections using 3D machine. In this context, this technique is a promising one for 
the flexible preparation of highly fine and sophisticated structures that are extremely 
difficult to obtain through conventional preparation methods such as casting and 
machining. Besides this feature, 3D printing technology provides high throughput 
since many materials can be constructed in one process. Due to these important 
benefits, 3D technology has attracted the attention of researchers in science and 
engineering [158, 160]. This technique was first produced by Marcus et al. [161] and 
Sachs et al. [162] in the 1990s. Depending on the shape of the raw materials pretreated 
before printing, this technology can be divided into: slurry-based, powder-based, and 
bulk solid-based methods. In slurry-based technologies utilized for ceramic/polymer 
mixtures, the viscosities are ranging from low-viscosity (~mPa·s) with a low ceramic 
loading (up to 30 vol.%) as inks to high-viscosity(~Pa s) with a much greater ceramic 
loading (up to 60 vol.%) as pastes. 

5.6 Porous Ceramics 

Advanced porous ceramics “ceramic foams or ceramic filters or ceramic membranes” 
are used for many applications such as structural, environmental, biological and 
biomedical ones. Since these types of ceramics possess various advantages over 
metals and polymers, they gained huge interests from scientists to use them in the 
above-mentioned applications. Notably, the functionality of these types of ceramics 
closely depends on the factors related to pore structure such as pore size, shape, distri-
bution, and connectivity. For example, the pores can behave as insulators at elevated 
temperatures, capture impurities in a filter, expedite tissue ingrowth in a bio-scaffold, 
or provide the architecture for reinforcement in a ceramic–metal composite. Mean-
while, their properties can be manipulated to suit a specific application through the 
modification and refinement of processing techniques to control their microstruc-
ture. Figure 2 shows the applications of porous ceramics according to their pore 
sizes [163]. Several processing techniques are responsible for integrating pores into 
the structure like sintering of coarse powders, and partial sintering of green powders. 
Other processing techniques are well known for the production of porous ceramics
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as replica method, the sacrificial phase technique, direct foaming method, paste 
extrusion, and most recently developed rapid prototyping technique [163]. 

Fig. 2 Schematic of classification of porous ceramic: Redrawn after Ohji and Fukushima [163]
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5.7 Functional Ceramics for Catalytic Applications 

The ceramics and bioceramics can also play an important role as catalysts of some 
chemical reactions. About 90% of the new processes undertaken in chemical industry 
are catalysis-dependent. The catalysts are divided into two categories, heterogeneous 
and homogeneous. Homogenous catalysis takes place if the catalyst is statically 
dispersed in the mixture of reactants, whether it is a gaseous or liquid solution. 
This category includes transition metals, enzymes, and inorganic acids/bases. On the 
other hand, the second class, i.e., heterogeneous, is characterized by the presence of 
catalyst in a different phase from the reactants. Therefore, the reaction happens at 
the surface of solid (catalyst) particle in contact with the gaseous or liquid solution. 

Since the ceramic materials resist high temperatures, display chemical-durability 
and wear resistance, they have unlimited potential as catalytic materials for usage in 
a variety of reactor structures, and can operate at different conditions. The ceramics 
catalysts are applied as (i) direct use as catalysts and (ii) use as support materials 
(substrates) to anchor and disperse a variety of active metals. Ceramic catalysts and 
catalyst supports are the biggest market sector outside the electronic ceramics. The 
ceramic catalysts are typically composed of metal oxides that contain at least two 
different cations. For examples; V2O5/SiO2, CeO2/MgAl2O4, CeO2/ZrO2, V2O5/ 
TiO2, CeO2/Al2O3, BaO/SrTiO3, Sr/La2O3, SrO/Nd2O3, Sm2O5/MgO, N2O/MgO, 
La2O3/CaO. When these materials are prepared in nanoscale, they exhibit improved 
properties. Zeolites are also ceramic catalytic materials composed of aluminum sili-
cates that have cavities or pores with molecular dimensions as part of their crystalline 
structure. Zeolites are unique among inorganic oxides because of their uniform micro-
porous character, high internal surface area, high thermal stability, and their ability 
to develop internal acidity [165–171]. 

Ceramic catalytic converters: Ceramics are applied also in construction of many 
parts of modern car industry as windows, mirrors, spark plugs, lights and electronics, 
catalytic converters, etc. With increasing worldwide vehicle usage, the air pollution 
is increased due to the increasing of exhausts produced by the cars. This has urged 
the automakers to redesign the car engines and fuel systems using the incorpora-
tion of ceramic catalytic converter. Engine exhaust gases consist of a complicated 
mixture, its composition depends on the type of engine (two- or four-stroke, spark- or 
compression (diesel)-ignited), driving conditions (urban vs. highway), vehicle speed, 
acceleration/deceleration, etc. The catalytic converter is located in the downstream of 
the engine’s exhaust manifold and can deal with the exhaust gases by chemical reac-
tion to treat the pollutants as CO, NOx, and hydrocarbons into CO2, nitrogen, water 
vapor through the reduction and oxidation actions. A typical catalytic converter unit 
consists of either a ceramic honeycomb monolithic structure (cordierite) or ceramic 
beads coated with precious metals (Pt, Pd, and Rh) [165]. 

Solid oxide fuel cells: In the near future the fuel cell devices will efficiently 
contribute to power generation. They are classified according to the electrolyte and 
the fuel used to generate electricity. They include a barrier to select and allow ions to 
pass as well as pushing the electrons to flow through an exterior circuit to generate
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electricity. The most important fuel cell that was fabricated from ceramic material as 
ZrO2 is the solid oxide fuel cell (SOFC). The basic SOFC unit contains three oxide 
ceramic units: a fuel electrode; an air electrode; and a solid electrolyte. It operates as 
follows: the oxygen in supplied air can accept electrons from the external circuit to 
form O2- ions at the cathode then move via electrolyte to the fuel electrode (anode) 
and create H2O and/or CO2 (depending on the fuel used), liberating electrons to the 
external circuit. There are several advanced ceramic materials which show greater 
electrical properties. These materials are known as electroceramics which act as 
fast ion conductors and are capable to improve a high flux of ions in the solid state. 
Ceramics which can quickly generate oxygen ions (O2-) are interesting candidates for 
SOFC developments. Recently, many ceramic materials have been utilized as poten-
tial SOFC constituents. The anode can consist of nickel/yttria-stabilized zirconia 
(Ni/YSZ) cermet (i.e., ceramic/metal composite). The cathode can be formed from 
a mixed conducting perovskite, lanthanum manganite (LaMnO3). Yttria-stabilized 
zirconia (YSZ) is used for the oxygen ion conducting electrolyte. To improve the 
performance of SOFC, it is important to develop materials with elevated electrical 
conductivity and catalytic performance of the anode. Improved SOFC performance 
must contain greater energy-conversion productivity, lesser chemical and acous-
tical pollution, fuel flexibility, cogeneration capability, and a rapid load response 
[163–171]. 

6 Properties of Ceramics 

It is well established that ceramics possess promising physical, chemical, and 
mechanical characteristics which enable them to be valid for different industrial 
purposes. Therefore, we briefly mention these characteristics as follows [147]: 

• Low density. 
• Low thermal expansion coefficient. 
• High hardness value. 
• High temperature as well as corrosion resistance. 
• High wear resistance. 
• High melting temperature. 
• Stability of mechanical properties at elevated temperatures. 

In spite of these interesting properties, their major drawbacks can be summarized 
as follows: 

• Brittleness. 
• Highly demanding processing. 
• Joining different ceramic components with each other or with other materials is 

so difficult. 

Tables 1, 2, and 3 illustrate the properties of some advanced oxide and none oxide 
ceramics [172].
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7 Conclusion 

Nowadays, advanced ceramics are considered as promising materials for different 
applications such as engineering, biomedical, electronics, energy, and environ-
mental issues. Most of the advanced ceramics depend on pure oxides or non-oxides 
prepared by new chemical, physical, and mechanical routes. Through their prepa-
ration, different parameters such as temperature, concentration of reactants, time 
of reaction, and atmosphere should be controlled. To convert the prepared ceramic 
powders into consolidated bodies, sintering processes should be conducted under 
suitable conditions such as temperature, time, and atmosphere. The sintering process 
includes solid-state sintering, liquid phase sintering, activated sintering, and reaction 
sintering. The prepared ceramic powder and sintered ceramic bodies can be inves-
tigated by different tools for their physical, chemical, mechanical, morphological, 
magnetic, electrical, optical, and biological properties according to the needed appli-
cations. This chapter dealt only with the most common types of advanced ceramics 
and their sintering without details on the aforementioned properties. 
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Abstract The perovskite-type structure has attracted interest in several applied and 
fundamental areas of solid-state science and advanced materials research. Perovskite 
ceramics exhibit, among others, a plethora of intriguing optical and electronic prop-
erties, where different techniques can characterize their properties. The fabrication 
process is essential for any device superimposed onto the physical structure. The 
device characterization deals directly with the finished product and is, thus, directly 
related to the final goal of all research efforts, namely, to produce a device efficiently. 
The challenge of the fabrication process lies not only in the synthesis and processing 
of the samples but also in the characterization methods applied for ceramics, which 
go hand in hand with the interpretation of data. This chapter reports on the synthesis, 
processing, characterization, and advanced applications of perovskite ceramics. 
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1 Introduction 

Ceramics is an inorganic material known as one of the materials in human civilization. 
Pottery, brick, and toilet bowl are commonly known ceramics-based materials. After 
the industrial revolution, the development of technical ceramics propagated in parallel 
with the improved high-temperature furnace, which was initially built to melt the 
metals during that time. As technology improved, technical or advanced ceramics 
also expanded accordingly. There are several ways to categorize ceramics, whether 
by their composition, application, or main property. In general, this material can 
be categorized into traditional and advanced ceramics. Traditional ceramics include 
pottery, tiles, and bricks from natural-based ceramics, e.g., clay [1]. 

On the other hand, advanced ceramics are produced from raw chemicals via a 
control route that aims for specific characteristics of ceramics. A mixture of covalent 
and ionic bonds is generally found in ceramics. The atom’s electronegativity deter-
mines the domination between these two primary bonds [2]. A high electronegativity 
will increase the tendency of the valence electrons to be transferred, forming the ionic 
bonding and producing the anions (−) and cations (+) such as NaCl, MgO, and Al2O3. 
In contrast, a low electronegativity value will cause the electrons to be shared, estab-
lishing the covalent bond formation as in diamond, BN, and SiC. These two bonds 
are considered primary bonds in ceramics that will determine the basic properties of 
the materials. Apart from that, the secondary bond exists in certain ceramic-based 
materials, as observed in graphite. Graphite is known for its multi-layers/multi-sheets 
configuration in which the primary bond is formed within the same sheet while inter-
sheet bonding is called a secondary bond. However, the secondary bond is weak 
compared to the primary bond, allowing the sheet or layer to slide, which explains 
the lubricating mechanism of this material. It is also noticed that the mechanical 
behaviors of ceramics, such as hardness and strength, are mainly influenced by the 
primary bond instead of the second one [2]. 

The application of ceramics is usually closely related to the materials’ behaviors. 
Ceramics can be divided into several applications, including abrasive-type applica-
tions, cement, clays, glasses-based products, and refractories. For abrasive appli-
cations in which ceramic products were used as cutting tools to cut softer targets, 
materials such as SiC, WC, and diamond are the prominent candidates. For this type of 
application, ceramic-based materials should possess excellent mechanical properties 
such as resistance toward wear, hardness, and toughness. The leading property must 
be formed into the desired shape for cement application and hardened accordingly. 
These two characteristics also allowed cement to be utilized as a bonding material 
to stick ceramic-based products such as bricks. Besides cement, clays are one of the 
famous ceramics categorized by their application. The mixture of clay with other 
materials produces various products, including pottery, tiles, and bricks. Glasses, 
a pretty famous category of ceramics, are made up of a mixture of non-crystalline 
silicates with oxides to form multicolor products with specific properties. These 
are glass-based products with different physical appearances and usage from glass 
containers, mirrors, and windows. The working temperature limits the application
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of glasses in our daily life. Ceramics from the refractories category can be utilized 
in high-temperature applications depending on the application. Refractory ceramics 
are heat-resistant engineered materials designed to withstand extreme temperatures, 
e.g., in solid oxide fuel cells, nuclear reactors, aerospace, and thermal insulators [1]. 

The desired characteristics are also related to the composition and crystal structure 
of the materials. For composition, ceramics are divided into several material compo-
sitions, such as carbides, fluorides, nitrides, oxides, and sulfides. The utilization of 
each composition is also related to the type of application, e.g., oxide-based ceramics 
is prominently known as electrolyte and electrode materials in solid oxide fuel cell 
application. In the crystal structure, ceramics are categorized into four main systems: 
magnesia (rock salt), fluorite, perovskite, and anisotropy. For the magnesia structure 
(MgO), the center ion, e.g., Mg2+, is surrounded by six opposite charged ions, e.g., 
O2−, leading to charge neutralization, which explains the higher packing formation 
of the structure. Due to this characteristic, ceramics with this structure possess a high 
melting point and suitable for a high-temperature application. The following struc-
ture, fluorite (CaF2), is favorable in offering more oxygen vacancies via introducing 
a doping process that allows different elements or ions to be added into the structure. 
At high temperatures, it exhibits excellent O2− anions. An example of ceramic mate-
rials made up of this structure is Urania (UO2) and zirconia (ZrO2), which allow 
yttrium doping to form yttria-stabilized zirconia composition. In addition, in the 
case of UO2 utilized in a nuclear reactor, the fluorite structure helps in fission control 
due to its open space available in a unit cell. Next, the third and fourth structures 
are cubic perovskite and non-cubic perovskite (anisotropy) ceramics. In perovskites, 
the ideal structure is symmetrical cubic of ABOx (or denoted as calcium titanium 
oxide, CaTiO3 structure), but, in some cases, the central ion can be shifted to form 
non-symmetrical cubic, resulting in electrostatic dipole formation, which explains 
the ferroelectric property of perovskite ceramics. Barium titanate (BaTiO3) is an  
example of ferroelectric-perovskite that is suitable to be used in ceramic-based capac-
itors. Figure 1 summarizes the classification of ceramics by application, composition, 
and structure.

Perovskite ceramics 

Perovskite-structured ceramics are among the most famous ceramics available in 
various applications nowadays. This material was found by Gustav Rose (1839) in 
the mountain of Russia. It was named after a Russian nobleman and mineralogist, 
Count Lev Alekseyevich von Perovski [3, 4]. As mentioned in the previous section, 
the crystal structure of perovskite is ABOx or can be denoted as ABX3. By referring 
to the ABX3, both A and B were made up of cations, where the A-site has a larger 
cation size than the B-site. On the other hand, the X-site is generally occupied by 
oxide ions (O2−), but it is also possible to have the halide ions such as Cl−, Br−, and 
F− at this site. For the ideal symmetrical cubic perovskite structure, the easiest way 
to understand this structure is by looking from the BO6 octahedra corner sharing in 
x–y–z dimensions, as shown in Fig. 2a. From this visualization, the larger A-cation 
is placed at the center of every space created between the BO6 networks. Due to the
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Fig. 1 Classification of 
ceramics

surrounding of the BO6 octahedra network, the larger A-site cation is possessed 12-
fold oxygen coordination, as shown in Fig. 2b. Distortion of this ideal symmetrical 
cubic forms a new cubic-based structure such as a tetragonal or orthorhombic struc-
ture. All cubic-based structures are commonly found in the oxide-type of perovskite 
or called perovskite oxide. Due to their electrical features of ferroelectricity or super-
conductivity, perovskite oxides are the most investigated perovskites compared to 
other perovskite-based structures [3].

Moreover, the structural transformation capability of perovskite lies in the A- and 
B-site cationic species across the periodic table. The size of the chosen cations at 
both sites affects the distortion from the ideal cubic structure, yet it is open to more 
interesting structure formation, which allows the alteration of perovskite’s behaviors. 
Goldschmidt’s tolerance factor, τ, is used to check the cation’s compatibility in the 
perovskite crystal structure. It also indicates that the perovskite structure’s stability 
and distortion depend on the existing ions. The τ-value is calculated using Eq. (1) 
below: 

τ = (rA + rO)√
2(rB + rO) 

(1) 

where rA, rB, and rO are the radii of the A-site, B-site cations, and oxygen anion 
(usually), respectively.
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Fig. 2 Ideal perovskite structure visualized from a BO6 octahedra, and b A-site cation with 12-fold 
oxygen surrounding view

The ideal size of A-site and B-site cations gives τ-value ~0.9–1.0, which results 
in ideal cubic perovskite structure formation. The τ-value below 0.9 means that the 
size of the A-site cation is too small to fit the hole or cavity of the BO6 octahedra 
network, lowering the system symmetry and tilting the ideal cubic into rhombo-
hedral or orthorhombic structures. The tilting in two directions usually forms the 
orthorhombic structure, while octahedral tilting in all directions forms the rhombo-
hedral structure. On the other hand, the τ-value above 1.0 means that the size of the 
A-site cation is too large to fit into the cavity, suggesting tetragonal or hexagonal 
structures. 

The versatility of perovskite in serving a wide range of applications depends on the 
variation of its properties. This situation is possible due to the structural displacement 
ability shown in tetragonal, rhombohedral, and octahedral-structured perovskite, 
which influences the bonding energy [5, 6]. The critical characteristics of perovskite 
include piezoelectric (ferroelectric material), thermoelectric, magnetic properties, 
and richness of oxygen vacancies. Perovskite is known for its high piezoelec-
tricity (ferroelectric material). Progress in thin-film high-piezoelectric perovskites 
opens more potential for this type of materials in micro-electromechanical systems 
(MEMS), nanosensors, and nanoelectronic applications. Besides the piezoelectric 
properties, progress in improving the thermoelectric behavior of the perovskite aims 
to be applied in waste-heat conversion technology. With the utilization of the Seebeck 
effect mechanism, thermoelectric materials can convert heat-waste from industries 
into electricity. Using this approach, the voltage difference between two materials 
(whether it is an electrical conductor or semiconductor) is produced as a temperature 
difference product. 

Many works have been done to improve the specific properties of perovskites by 
elemental doping in perovskite-based materials such as SrTiO3 and CaMnO3. The  
focus of these improvement works is on the thermoelectric characteristic or a high
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figure of merit ZT, a dimensionless unit to represent the heat to electricity conversion) 
of the n-type semiconductor oxides [7]. The calculation of ZT-value can be done as 
follows: 

ZT = 
S2σT 

k 
(2) 

where S is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute 
temperature, and k is the total thermal conductivity. 

The oxygen vacancies in perovskite oxides ABO3 have a crucial role in deter-
mining their properties. The ideal ABO3 can be further altered to oxygen-deficient 
(ABO3-δ) than oxygen-rich (ABO3+δ) structures. In the case of oxygen deficiency 
(O3-δ), the lack of oxygen in the perovskite is also known as oxygen vacancy. Gener-
ally, the oxygen vacancies in the perovskite structure can be caused by two main 
reasons, (i) the cations substitution and (ii) the ion’s non-stoichiometry. Each reason 
is narrowed down into two main factors, which are [8]: 

(i) the cations substitution: 

• the aliovalent substitution 
• the isovalent substitution 

(ii) the ions non-stoichiometry: 

• the A-site cation non-stoichiometry 
• the anion non-stoichiometry. 

For the aliovalent substitution (A1-xA
'
xBO3-δ), the A-site cation commonly made 

up of rare-earth elements such as lanthanum (La) is substituted with the low valence 
alkaline-earth metal. For example, strontium (Sr) and calcium (Ca) are denoted as A

'
. 

These candidates are favorable compared to other group members, such as barium 
(Ba) and magnesium (Mg), because they require lower energy to form oxygen vacan-
cies in the structure. This substitution will generate a negative charge, leading to 
neutrality attempts by the oxygen in the lattice (oxygen leaving its locations), hence 
forming vacancies in the structure [9, 10]. For the isovalent substitution, the partial 
substitution of A-site cation with the isovalent valence metal A

'
forms the oxygen 

vacancies. But compared to the aliovalent substitution, the isovalent substitution will 
not require a charge neutrality process as there is no charge difference between the 
A and A

'
. The oxygen vacancies form due to distorted structure due to significant 

differences in cation A and A
'
[9]. 

As for the ions non-stoichiometry factor, the A-site cation non-stoichiometry 
(A1-xBO3-δ) produced vacancies without any introduction of A

'
cation, such as 

(La0.85)(Fe)O3-δ and (Ba0.95)(Co0.4Fe0.4Zr0.1Y0.1)O3-δ [11, 12]. The introduction of 
A-site cation deficiency via the synthesis route increased the vacancies concentra-
tion, oxygen diffusion rate, and redox surface defects [12, 13]. As for the vacancy 
formation via the anion non-stoichiometry, the process is quite direct compared to 
the rest of the vacanciy formation mechanism or process. The vacancy usually forms 
by the heat treatment process in partial control pressure or working environment, for
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example, in a reduced atmosphere [8]. The oxygen vacancies behavior is essential 
in several fields, including solid oxide fuel cells, membrane reactors, and oxygen 
separation membrane applications. 

2 Synthesis of Perovskite Ceramics 

Synthesis routes play a crucial role in synthesizing and developing various perovskite 
ceramics originating from different precursor materials. Several aspects, including 
chemical and phase stability and compatibility, elemental homogeneity, shape and 
size of the final product, desirable properties, and types of applications, need to be 
thoroughly considered in selecting an appropriate synthesis route to yield the desired 
perovskite ceramics. Additionally, other parameters such as time, temperature, pres-
sure, pH, chemical additives, and process complexity should also be considered 
in selecting a synthesis route. The selection of appropriate synthesis routes and 
parameters is essential for the performance of the produced perovskite ceramics. 
Some of the synthesis routes developed to synthesize various perovskite ceramics for 
different applications are solid-state reaction (SSR) method, ball milling, template-
based synthesis, wet chemical methods (WCMs), and hydrothermal, solvothermal, 
sol–gel, solution combustion, co-precipitation, and microwave-assisted synthesis. 
Some of the general advantages and disadvantages of each method are summarized 
in Table 1.

2.1 Solid-State Reaction and Ball Milling 

The most traditional and straightforward method of synthesizing perovskite ceramics 
is the solid-state reaction (SSR). Generally, the process is characterized by the 
mechanical mixing of precursor materials, including oxide powders, carbonates, 
or salts, in an agate mortar or a ball milling machine, followed by heat treatment 
processes. Ball milling is a simple top-down method where more extensive mate-
rials are reduced to smaller or finer materials via grinding and blending processes 
by colliding heavy metal or ceramic balls. It is also called the mechanochemical 
method and offers few remarkable advantages, such as producing fine sizes and well-
dispersed powders, being cost-effective, and being applicable for grinding both dry 
and wet materials. Noise and extended milling and cleaning time are the significant 
disadvantages of this method. SSR and ball milling methods require a well-controlled 
processing temperature, and the final produced materials tend to be contaminated, 
resulting in low purity. For instance, Samat et al. [18] reported that La0.6Sr0.4CoO3-δ-
BaCe0.54Zr0.36Y0.1O3-δ powders synthesized by the solid-state mixing method did not 
form a single-phase compound due to the presence of BaCO3 and SrCO3 secondary 
phases.
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Table 1 Advantages and disadvantages of synthesis methods for synthesizing perovskite ceramics 

Method Advantages Disadvantages References 

Solid-state reaction 
(SSR) 

Inexpensive, simple, and large 
amount of output 

Time-consuming (slow 
reaction), requires 
laborious mechanical 
milling and mixing of 
precursors, requires high 
temperature for 
sintering, and the 
material tends to 
contaminate (poor 
purity) 

[14, 15] 

Ball milling Simple, cost-effective, reduces 
grinding time, produces fine 
and well-dispersed particles 

Noise, long milling and 
cleaning times, difficult 
to control particle size 
and material possibly 
tends to contaminate 

[14, 15] 

Template-based 
synthesis 

High surface area, large pore 
size and uniform pore size for 
hard template 

Expensive for soft 
template, removal of 
template is costly, 
complicated, and 
harmful to the 
environment, damage the 
precursor materials and 
pore tends to collapse 

[14, 15] 

Hydrothermal or 
solvothermal 

Requires low temperature and 
produce sample with high 
purity, better particle size, 
morphology, and homogeneity 

Requires high pressures 
(up to 15 MPa) inside  
the pressure vessel and 
uncontrollable 
nucleation and 
aggregation during 
particle growth and 
development 

[14–16] 

Sol–gel Produces high purity of 
ultrafine material, accurate 
control of the final material 
composition, able to eliminate 
impurities and agglomeration, 
and offers low processing 
temperature for material 
development 

Precursor materials are 
quite costly, 
time-consuming (require 
long drying process), 
and request complete 
monitoring 

[14, 15, 17] 

Solution combustion Fast reaction, time and energy 
savings, flexibility in the type 
of fuels used, high purity and 
homogeneity of final product 
and produces fine powders 

Releases smog and ash, 
provides great loss of 
products and opportunity 
for impurity forming 

[14, 17]

(continued)
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Table 1 (continued)

Method Advantages Disadvantages References

Co-precipitation Able to easily control particle 
size and composition, simple 
and rapid preparation, 
cost-effective, offers low 
calcination temperature, does 
not require environmentally 
unfriendly chemicals such as 
alkoxides, and produces high 
purity of product with better 
chemical homogeneity, 
minimum agglomeration, and 
fine grain size 

Time-consuming, poor 
crystallinity, not 
applicable to various 
types of metal oxides, 
does not work the best 
when the reactants have 
very different solubility 
and precipitation rate, 
and washing steps may 
cause deficiency of 
specific cations 

[14, 15, 17] 

Microwave-assisted 
synthesis 

Cost-effective offers swift 
reaction (time-saving) at a 
shallow temperature, fast 
calcination of the material is 
carried out avoiding particle 
coarsening 

Exaggerated growth 
existence of impurities 

[15–17]

Heat treatment processes of SSR-based and ball milling-based powders are gener-
ally done at high calcination or sintering temperature, typically around 1200 °C and 
above. The heat treatment process at high temperatures is normally carried out for 
a long time, ranging between 8 and 24 h to allow the mobility of cations through 
the crystalline grains to form perovskite structure since the solid precursor mate-
rials do not interact with each other at room temperature [14, 15]. Kuzmin et al. 
[19] reported that the La1-xSrxScO3-α powder was obtained by grinding precursor 
powders of La2O3, Sc2O3, and SrCO3 in zirconia mortar as annealed at 1200 °C. 
The final sintering of the sample to form a single-phase powder was done at 1700 °C 
for 10 h. Ding et al.  [20] reported that the double-perovskite Ba2FeMoO6-δ powders 
prepared via the conventional SSR method need to be calcined at 1100 °C for 5 h and 
reduced at 1100 °C in 5% H2 for 20 h to yield the phase-pure structure. Kong et al. 
[21] and Rosa Silva et al. [22] reported that the Li0.375Sr0.4375M0.25N0.75O3 (M = Ti, 
Sn; N = Nb, Ta) powders and Y-doped SrTiO3 prepared via ball milling solid-state 
mixing were calcined at 1100 °C for 15 h and 1300 °C for 10 h, respectively. 

2.2 Template-Based Synthesis 

Template-based synthesis is deemed a promising approach in synthesizing nanos-
tructured perovskite ceramics with high surface area, uniform and large pore sizes 
such as nanowires, nanotubes, and nanorods. A uniform void space of porous mate-
rials is used as a template or host to keep the synthesized nanoparticles as guests.
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The template also acts as a skeleton to organize the desired nanodevice, compo-
nents, and interfaces. Habiballah et al. [23] have synthesized Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
(BSCF) perovskite nanowires via a template-based approach for the first time by 
varying spin coating rate (100, 500, and 1000 rpm), followed by drying at 150 °C 
for 15 h and calcination process at 400–900 °C for 4 h. Highly pure phase and 
dense BSCF nanowires with length ranging between 7 and 10 μm were obtained 
at a low spinning rate of 100 rpm at 900 °C. Na0.5Bi0.5TiO3 (NBT) nanotube 
arrays were synthesized using a template-based approach using different sol-filling 
methods, namely immersion, deposition, negative pressure deposition, spin coating 
deposition, and combined negative pressure-spin coating deposition. Among all 
deposition techniques, the combined technique can produce the best features of 
NBT with wall thickness and outer diameter of 25 nm and 250 nm, respectively 
[24]. Template-based synthesis derived LaNiO3 nanorods with an average diam-
eter of (99 ± 10) nm were obtained at an annealing temperature of 900 °C. Other 
perovskite ceramics which have been synthesized via template-based synthesis are 
Ba0.6Sr0.4TiO3 hollow spheres [25], CeMnO3 nanofibers [26], PbTiO3 nanostruc-
tured arrays [27], LaBiFeO3 nanoparticles [28], and BaCeTiO3 nanoshell tubes 
[29]. 

Generally, template-based synthesis can be classified as hard, soft, and colloidal 
templates. A defined porous rigid mold is filled with the precursor or targeted mate-
rial for rigid templates. The primary mold is removed after the targeted material is 
formed. A soft template employs a nonrigid mold or template where the pore size and 
structure are controllable. The chance for the frameworks to collapse during crystal-
lization and template removal is higher in the soft template than in the rigid template. 
The template contains inorganic nanoparticles that serve as the wooden template in 
the colloidal template. The colloidal template has controllable pore size and limited 
pore structures [14]. The growth of the targeted materials on rigid templates, such 
as polymer, silica, and carbon, can be removed via thermal decomposition or chem-
ical etching or soft templates, such as emulsion micelles and even bubbles [30]. 
Although this method helps synthesize perovskite nanostructured ceramics for large-
scale production, dealing with template removal using acid or alkaline etching is quite 
complicated [31]. Another drawback of template-based synthesis is residual template 
left in the final product affects its purity [28, 32–34]. 

2.3 Hydrothermal or Solvothermal 

Hydrothermal or solvothermal refers to using an aqueous solution as a reaction 
medium in a closed reaction vessel to create high-temperature and high-pressure 
reaction environments by heating and pressuring the reaction medium. Water is used 
as a reaction medium in hydrothermal and organic solvents, including several types of 
alcohols used as a solvothermal reaction medium. The hydrothermal or solvothermal 
method mainly dissolves and recrystallizes a substance that is insoluble or poorly 
soluble under normal conditions. Generally, the method’s advantages include an
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environment-friendly closed system, low processing temperature, high purity prod-
ucts, easily controllable morphology, crystal size, and low precipitation requirements 
[14, 32]. Normally, no calcination stage is required after the hydrothermal process, 
thus saving time to produce a specific perovskite ceramic. However, most of the 
compositions reported following a trial-and-error approach are considered extremely 
time-consuming [15]. There are some crucial parameters in determining the success 
of obtaining single-phase perovskite ceramics produced via the hydrothermal or 
solvothermal method. The essential parameters are molecular weight, boiling point, 
melting point, density, dipole moment and polarity of the solvent, medium alkalinity, 
system pressure, and synthesis duration [35–42]. 

François et al. [43] have synthesized Ba1.01Zr0.85Y0.15O3-δ material via a contin-
uous hydrothermal process in supercritical conditions at 410 °C and 30 MPa using 
nitrate precursors and NaOH reactants. The as-synthesized powder formed an incom-
plete perovskite phase due to BaCO3 and YO(OH) impurities. The as-synthesized 
powder was further calcined at 1000 °C for 1 h to yield pure phase powder. 
La0.1Sr0.9Co0.9Fe0.1O3-δ powder synthesized via hydrothermal method has enhanced 
oxygen deficiency compared to the powder synthesized via the citrate method, as 
reported by Junior et al. [44]. Ba0.85Ca0.15Ti0.9Zr0.1O3 powders synthesized via 
surfactant-assistant hydrothermal using different surfactants, namely, cetyltrimethy-
lammonium bromide and sodium dodecyl sulfate, possess different relative densities 
and grain sizes after sintered at 1250 °C for 10 h. [45]. A non-aqueous solvothermal 
procedure was employed to obtain alkoxides of sodium, potassium, and niobium 
in 1-octadecene as the solvent and oleic acid as the capping agent K0.5Na0.5NbO3 

powder with an average particle size diameter of 50 nm at 600 °C. 

2.4 Sol–Gel 

A sol–gel method is one of the most popular syntheses of perovskite ceramics. This 
method has been traditionally used to produce inorganic ceramics and glass materials 
since the 1800s. Sol–gel is a process to form oxide linkages through an inorganic 
polymerization reaction, starting with a response between precursor material and 
solvent to form organic metal complexes. Then, the complexes undergo a polymer-
ization reaction to produce colloid or sol, followed by hydrolysis to form a viscous 
gel. The gel will be subjected to drying, calcining, or sintering processes to yield 
ceramics powder. 

Generally, there are two essential chemical reactions in the sol–gel method. The 
first reaction is the complexation between metal cations and a chelating agent such as 
citric acid and ethylenediaminetetraacetic acid (EDTA), which provides stable metal– 
chelate complexes in precursor solution using precursor solution preserving atomic-
scale homogeneity. The second reaction is the polymerization of the complexes 
with polymerizing or esterification agents such as ethylene glycol and polyethylene 
glycol, forming three-dimensional network structures that hinder ion mobility and 
segregation. These two reactions help to produce high purity and homogeneity of
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perovskite ceramics and accurate control of the composition of the final produced 
material at low processing temperatures, which is regarded as the most remarkable 
advantage of the sol–gel method. Though the processing temperature of sol–gel 
gets reduced, the processing time remains the same. Longer time is undesirable 
both from the final product and economic point of view [46]. The formation of 
hard agglomerates of ultrafine crystallites or particles is also deemed one of the 
disadvantages of the sol–gel method [47]. Chemical agents play an essential role in 
the chemical reactions of the sol–gel process. The two essential chemical agents in a 
conventional sol–gel method are chelating agents and polymerizing or esterification. 
In a modified sol–gel method, surface-active agents (surfactant) and dispersing agents 
(dispersant) are introduced as alternative chemical agents, mainly to improve the 
microstructure properties of the final product. The roles of each chemical agent in 
the sol–gel method are summarized in Table 2.

Osman et al. [49] synthesized cerate-zirconate ceramics, BaCe0.54Zr0.36Y0.1O2.95 

via the sol–gel method using various chelating agents from different functional 
groups, which are carboxylic (citric acid, glycolic acid, tartaric acid), polyamine 
carboxylic (EDTA, nitriloacetic acid), and polyamine (triethylenetetramine). They 
found that different groups of chelating agents did not affect the morphology, but 
did affect the phase formation and elemental composition of the final calcined 
powders. They also found that the chelating agent from the polyamine group aided 
in suppressing the formation of BaCO3, which is the main impurity phase in synthe-
sizing cerate-zirconate ceramics synthesized via the sol–gel method to yield high 
purity product at low calcination temperature (1100 °C). Mazlan et al. [50] also  
synthesized the same material using the same method. Still, they use different types 
of surfactants, which are cationic (benzalkonium chloride), anionic (sodium dodecyl 
sulfate), and non-ionic (polyoxyethylene (10) alkyl ether). They found that different 
surfactants influenced the phase formation and morphology of the calcined powders. 
The powders prepared using anionic and cationic surfactant have cubical, and spher-
ical particles, respectively. A single-phase powder was obtained using non-ionic 
surfactant at a relatively lower calcination temperature (950 °C) than the previous 
work done by Osman et al. [49]. 

Sol–gel derived La0.6Sr0.4CoO3-δ powders have been synthesized using different 
chemical agents, namely dispersing agent (activated carbon), polymerizing agent 
(ethylene glycol) and non-ionic surfactant (Tween80, polyethylene glycol, Brij97 
and Triton-X-100). Among all chemical agents, only dispersing agent and poly-
merizing agent aided to form a single-phase La0.6Sr0.4CoO3-δ powders at calcina-
tion temperature below 1000 °C [51, 52]. Furthermore, polymerizing agent-based 
La0.6Sr0.4CoO3-δ powder has better electrochemical performance than dispersing 
agent-based La0.6Sr0.4CoO3-δ powder [53]. Other perovskite ceramics which have 
been synthesized via sol–gel method are RBaFeTiO6 (R = Pr, Nd) [54], BaTiO3/ 
La0.7Ba0.3MnO3 [55, 56], GdMO3 (M = Fe, Co) [57], LaMgxCr1-xO3-δ (x = 0.0, 0.2, 
0.4, 0.6, 0.8, and 1) [58], Gd-doped SrZrO3 [59], BaFeO3-δ , and BaM0.5Fe0.95O3-δ 
(M = Ti, Zr, Ce) [60].
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Table 2 Chemical agents in a sol–gel method [48] 

Chemical agent Role Remark Example 

Chelating agent Binds all metal cations of 
the precursor materials 
and controls the rate of 
the hydrolysis reaction, 
phase transition, particle 
size, and powder 
morphology 

A combined chelating 
agent is better than a 
single chelating agent as 
it is able to bind almost all 
metal cations, to form 
more stable complexes, it 
is less sensitive to pH, and 
it is able to reduce 
processing temperature 

Citric acid, EDTA, 
triethylenetetramine, 
glycolic acid, 
nitriloacetic acid, 
tartaric acid 

Polymerizing 
or esterification 
agent 

Aids to form a stable 
polymer resin of 
metal–chelate complexes 
by creating a rigid 
network that controls the 
movement of metal 
cations in the complex 
solution during the heat 
treatment process 

Formation of polymer 
resin avoids formation of 
particle agglomeration 

Ethylene glycol, 
polyethylene glycol 
(PEG) 

Dispersant Controls the nucleation 
process, phase 
development, and 
particle growth 

Has high degree of 
microporosity, high 
surface area and well 
adsorption ability 

Activated carbon, 
carbon black, carbon 
nanotubes 

Surfactant Increases miscibility, 
colloidal stabilization, 
and particle dispersion in 
a material consisting of 
various components and 
controls the shape and 
particle size of the 
produced ceramics 

Surfactants are classified 
into three groups: ionic 
(anionic and cationic), 
non-ionic and 
zwitterionic. The micelle 
formation which helps to 
control the shape and size 
of ceramics is influenced 
by processing 
temperature, pH, 
surfactant concentration, 
and surfactant 
composition 

Pluronic F127 
(tri-block copolymer), 
Triton-X-100, 
polyethylene glycol 
(PEG), polyvinyl 
alcohol, polyvinyl 
pyrrolidone

2.5 Solution Combustion 

Solution combustion synthesis involves three steps, which are (1) formation of 
combustion mixture, (2) formation of gel, and (3) combustion of the gel [61]. It 
is a simple, fast, and versatile method to produce perovskite ceramics with high 
phase purity and superior powder properties, such as high surface area, narrow 
particle size distribution, and better sintering properties. For instance, spherical shape 
and uniform nanocrystalline (23–28 nm) Ba1-xSrxTiO3 powders were successfully 
synthesized via the solution combustion method using lemon juice as a fuel [62]. 
Fine-grained nanoparticles in sizes ranging from 50 to 200 nm and high surface area
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(12.8 m2/g) of La0.6Sr0.4Co0.2Fe0.8O3-δ powder were also successfully synthesized 
via acetylacetone-assisted solution combustion method [63]. 

The solution combustion method is characterized by an exothermic reaction 
between oxidants (i.e., metal nitrates) and organic fuel (i.e., urea, citric acid, and 
glycine). Both soluble and insoluble precursor materials can be used in this method. 
The mixture of oxidants and fuel in an aqueous solution is subjected to relatively 
mild heating at a temperature ranging between 300 and 500 °C. The main limitations 
of this method are powder agglomeration and uncontrollable powder morphologies. 
Ravichandran et al. [64] reported that the grain distribution was not homogeneous, 
and agglomeration was observed in pure phase Bi1-xAlxFeO3 powder synthesized 
via solution combustion method using urea as fuel after sintered at 550 °C for 2 h. 
Besides, the formation of micron-size agglomerates with a specific surface area of 4.8 
m2/g was also found in the BaCeO3 powder synthesis via hydrazine-nitrate combus-
tion [65]. Another limitation of the solution combustion method is the presence of 
leftover organic impurities due to incomplete combustion affects the phase purity 
of the product. Thus, after the combustion process, the calcination step is generally 
required to remove excess organic impurities from the as-synthesized powders and 
improve the final powders’ crystallinity [61, 66]. 

The success of obtaining single-phase perovskite ceramics through this method 
depends on few factors, including the type of fuel [67–71], fuel-to-oxidizer ratio 
or precursor ratio [72–76], mixing time [77, 78], salts [79, 80], and other special 
considerations [81–84]. 

2.6 Co-precipitation 

The co-precipitation method is expected to produce material with smaller particle 
sizes and better homogeneity. Generally, this method requires supersaturation condi-
tions where solutions with soluble metal cations are mixed with a precipitation agent 
solution. It involves simultaneous nucleation and agglomeration processes to form 
precipitates. Then, the precipitates will be filtered and dried before being subjected 
to the calcination process at an appropriate low temperature to yield the desired 
product. Lower heat treatment temperature helps to reduce energy consumption 
[85, 86]. NdFeO3 [87], CaTiO3 [88], Ba0.6Sr0.4TiO3 [89] materials were obtained 
after heat-treated at 750 °C for 1 h, 750 °C for 3 h, and 800 °C for 2 h, respec-
tively. Other advantages of the co-precipitation method are simple and rapid prepa-
ration, cost-effectiveness, high phase purity, good chemical homogeneity product, 
and fine particle or grain size [14, 15, 90]. Multicomponent phase-pure perovskite 
lead strontium calcium titanate synthesized via reverse co-precipitation has a near-
equiatomic and homogeneous distribution of elements in the calcined powders [91]. 
SrBi1.8Y0.2Nb2O9 powders prepared via co-precipitation have smaller (90 nm) crys-
tallite size than the one prepared via SSR method (675 nm) [92]. LaCoO3 powders 
prepared via co-precipitation have a larger surface area (8.121 m2/g) than the one 
prepared via the sol–gel method (3.757 m2/g) [93].
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It is crucial to control some of the important parameters in the co-precipitation 
method, such as temperature, pH, and concentration to yield pure phase perovskite 
ceramics at low temperatures. Chen et al. [90] have studied the effect of NaOH 
concentration on powder formation of Ba0.85Ca0.15Zr0.1Ti0.9O3. NaOH has two func-
tions: to neutralize H+ arising from hydrolysis and ensure the sufficient precipitation 
of various ions in the co-precipitation process. The NaOH concentration was varied 
from 4 to 10 mol/L. At low NaOH concentrations (4 and 6 mol/L), an incomplete 
perovskite phase was formed, while no pure perovskite phase was formed at high 
NaOH concentrations (10 mol/L). The optimal NaOH concentration to form a high-
purity perovskite phase was found at 8 mol/L. Sharma et al. [91] have studied the 
effect of different concentrations of deionized water and ethylene glycol as a solvent 
on the phase formation of lead strontium calcium titanate. They reported that the 
sample prepared using deionized water formed a single perovskite phase at a lower 
temperature (850 °C) than the sample prepared using ethylene glycol (950 °C). The 
effect of co-precipitation pH value on the powder properties of LaAlO3 was studied 
by Sim et al. [94]. They found that as the pH value increased from 6 to 10, the 
calcined powder at 950 °C changed its main phase from LaAlO3 (pH = 6) to La2O3 

(pH = 9) and La (OH)3 (pH = 10) and surface area reduced from 8.3 m2/g (pH = 
6) to 1.2 m2/g (pH = 10). 

2.7 Microwave-Assisted Synthesis 

Nowadays, microwave-assisted synthesis is considered a powerful approach in mate-
rials science, including synthesizing various perovskite ceramics for different appli-
cations. It uses microwave radiation as a heating source instead of conventional 
heating in a furnace to achieve uniform heating. The ability of microwave radiation to 
penetrate sample bulk makes microwave-assisted synthesis a rapid and cost-effective 
method to obtain a crystalline structure material at a lower processing temperature. 
Microwave-assisted synthesis is also known as the hybrid synthesis method, as it is 
normally combined with other synthesis methods. The hybrid method significantly 
reduced the time for synthesizing perovskite ceramics. 

Kostyukhin et al. [95] synthesized LaFeO3, which is frequently used as a cata-
lyst in oxidation processes, electrodes, and sensors through one-step hydrothermal 
microwave-assisted at 240 °C and 60 bar. They reported that microwave irradiation 
during heating helps produce high crystallinity of LaFeO3 at a shorter time (3 h) 
than conventional heating (48 h). Ji et al. [96] synthesized Ba0.85Ca0.15Zr0.1Ti0.9O3 

powders to be used in piezoelectric or ferroelectric fields through a novel microwave-
assisted sol–gel-hydrothermal method. They managed to obtain the powders at a 
temperature of 180 °C and 300 W after 60 min reaction time. The powders were well-
crystallized with a homogenous composition and fine grains (85 nm). Asefi et al. [97] 
synthesized BiFeO3 powders, which has potential applications in optical devices and 
information storage, sensors, spintronics, and photocatalysts through microwave-
assisted solution combustion. Precursor solution with different fuel content (ϕ =



62 J. L. C. Huamán et al.

0.5, 0.75, 1, and 2) was poured into a beaker and placed in a microwave oven 
(2.45 GHz, 750 W) for 2 min. Single-phase BiFeO3 powders were obtained at low 
fuel content (ϕ = 0.5 and 0.75) without further calcination. The crystallite size of 
the microwave-combusted BiFeO3 powders is smaller than as-calcined powders, 
32 nm, and 54 nm, respectively. The results from Asefi et al. work are in line with 
a job done by Maziviero et al. [98]. They reported that the formation of microwave-
assisted combustion-derived γ-Al2O3 material was favored by the combination of 
low microwave power and low fuel content. Therefore, fuel content plays a crucial 
role in the microwave-assisted combustion synthesis method. 

In some cases, a different heat treatment process (calcination or sintering) is 
required after microwave-assisted synthesis. For instance, CaZrO3 powders synthe-
sized by microwave-assisted hydrothermal at 180 °C with a heating rate of 140 °C/ 
min, a pressure of 4 bar, and synthesis times of 20 and 160 min did not transform into 
crystalline phase. CaCO3 impurity was observed in the powder prepared at a lower 
synthesis time. After calcined at 800 °C, the powders formed a crystalline phase 
[99]. In another example, ZnTiO3 powders were also synthesized by microwave-
assisted hydrothermal. The sample without conventional heat treatment resulted in 
an amorphous material, while the sample with conventional heat treatment began 
a crystallization process at 500 °C [100]. In both cases, it can be concluded that 
microwave-assisted hydrothermal only provides energy for the crystallite nucleation 
process and not for phase growth. Even though further heat treatment is sometimes 
required, sintering temperature or time is significantly reduced. Sahu and Kumar 
[101] found that the sintering temperature and time needed for the formation of 
single-phase Sr0.8Bi2.15Ta2O9 ceramic synthesized via microwave-assisted SSR is 
lower (1050 °C, 30 min) than the conventional sintering method (1200 °C, 4 h). 
Deepa et al. [102] also reported similar results. SSR-derived Na0.5Bi0.5TiO3 material 
formed a single-phase after calcined at 800 °C for 10 min and at 1000 °C for 3 h by 
microwave sintering and conventional sintering, respectively. 

3 Processing of Perovskite Ceramics 

Perovskite ceramics with a porous structure, for instance, are often processed or fabri-
cated as a bulk or a thin film to be used in various applications such as supercapaci-
tors [103], catalyst for methane combustion [104], photocatalysts [105], gas sensors 
[106], filters [107], and solar cells [108]. In addition, porous perovskite ceramics 
using a mixed ionic and electronic conductor (MIEC) are frequently used as elec-
trodes or substrates for applications in batteries and solid oxide fuel cell (SOFC) 
[109–114]. Thus, it is essential to design and fabricate proper porosity, microstruc-
ture, and mechanical properties of the porous perovskite ceramics according to 
their respective applications. In MIEC porous structure, the properties are crucial 
to improving network structure and surface area, thus enhancing the electrochem-
ical performance of batteries and SOFC [112, 115, 116]. Typically, the fabrica-
tion of perovskite ceramics involves few steps such as powder processing, ink or
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slurry preparation, deposition, and sintering. Some of the methods are simple, cost-
effective, and time-saving, and some of them are vice versa. The standard fabrica-
tion techniques used in fabricating bulk or thin film of perovskite ceramics are dry 
pressing, screen printing, and spin coating. General advantages and disadvantages of 
the standard fabrication techniques and other fabrication techniques which have been 
developed to process the produced perovskite ceramics powders are summarized in 
Table 3.

Dry pressing is a simple, reproducible, and fast technique to produce perovskite 
ceramics’ bulk or thick film. The process of the dry pressing technique is also simple. 
The perovskite ceramics powder is grounded in an agate mortar or milled using a 
ball milling machine. The grounded or milled powder is placed between two stain-
less steel die in a mold and pressed under the desired pressure to obtain a pressed 
powder or green pellet. The obtained green pellet is then subjected to sintering or 
other heat treatment process at a high temperature for few hours to produce a dense 
pellet. Usually, the density of the final pellet is affected by the dry pressing pressure 
and sintering or heat treatment temperature. Apart from density, these two parame-
ters also need to be properly designed to avoid sample cracking or breaking during 
pressing and sintering steps [117]. Danilov et al. produced a high density (95%) 
BaCe0.5Zr0.3Dy0.3O3-δ pellet via dry pressing technique after sintered at 1450 and 
1600 °C for 5 h. The dense pellet with 30 μm thickness was used as an electrolyte 
for a protonic ceramic fuel cell application, and the cell recorded a power density 
of 290 mW/cm2 at 700 °C [118]. Bazin et al. produced porous ceramic membranes 
from Sayong ball clay powders for nanofilter application. The powders were mixed 
with starch and pressed at various compaction pressures (50–200 MPa). The sample 
compacted at 200 MPa and sintered at 1000 °C has the best properties as a nanofilter 
membrane [119]. Later, they fixed the compaction pressure at 200 MPa and varied 
the sintering temperatures (900–1200 °C). They reported that bulk density increased 
(1.5–1.9 g/cm3), porosity decreased (40.2–0.34%), and flexural strength increased 
(1–21 MPa) as the sintering temperatures increased. The optimum properties (bulk 
density of 1.6 g/cm3, porosity 18%, and flexural strength of 6 MPa) of the nanofilter 
membrane were obtained for the sample sintered at 1050 °C [120]. Barinova et al. 
studied the impact of compaction pressure (20–200 MPa) on the density of green 
pellets and combusted pellets of Y2Ti2O7 [121]. They found that the compaction had 
no impact on the green pellet since no obvious crack was observed in all compacted 
green pellets. However, after combusted, only the compacted green pellet at 20 MPa 
showed crack formation. 

Screen printing is a simple and cheap technique that has been extensively used to 
fabricate homogeneous-porous perovskite ceramics, thin or thick film. This technique 
can produce an exact final product based on the desired design and properties by 
preparing and adjusting a screen printer’s pattern, size, and distance between the 
plate and the print head. The screen printing technique consists of a screen or mesh 
made from synthetic fiber or metal wire connected to a rigid aluminum/steel frame 
having a rectangular plane in most applications. An amount of ink or paste or slurry 
is put on the frame and then is swiped across the surface of the screen or mesh at 
a steady pace by a squeegee. Through a pattern drawn on the mesh, the squeegee
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Table 3 A summary of fabrication techniques to process perovskite ceramics powders (adapted 
from [14]) 

Method Advantages Disadvantages Deposition rate/film 
thickness 

Dry pressing Simple, 
reproducible, fast 

Unsuitable for mass 
production, crack 
issue before or after 
sintering 

(1–100) μm 

Screen-printing Simple, 
cost-effective, 
precise final 
output 

Crack issue or 
delamination after 
sintering 

(10–100) μm 

Spin-coating Cost-effective, 
great uniformity, 
reproducible 

Requires flat and 
smooth substrate 

(1–1000) μm 

Tape casting Simple, 
cost-effective, 
suitable for mass 
production 

Slow drying 
process, easily 
crack 

(10–1000) μm 

Impregnation/infiltration Escalate in 
catalytic activity, 
improved 
triple-phase 
boundary length, 
lower operating 
temperature 

Requires highly 
porous support, 
tedious steps, 
nonhomogeneous 
distribution of 
particles 

– 

3D-printing Fast, 
reproducible, 
cost-effective, 
flexible 

Size limitation, 
high-cost 
equipment, 
imperfection output 
image 

– 

Pulsed laser deposition (PLD) Good for 
multicomponent 
fabrication, easy, 
reproducible, 
better 
morphology 

Expensive, slow, 
low accuracy, 
limited deposition 
scale 

(60–150) μm 

Electrophoretic deposition 
(EPD) 

Simple, fast 
method, suitable 
for any shape of 
substrate 

Solvent media must 
be carefully chosen 

(1–200) μm 

Magnetron sputtering Low temperature, 
composition can 
be controlled 

Expensive 
equipment, slow 
deposition rate 

(0.25–2.5) μm h−1

(continued)



Recent Advances in Perovskite Ceramics: Synthesis, Processing … 65

Table 3 (continued)

Method Advantages Disadvantages Deposition rate/film
thickness

Plasma spray Suitable for 
large-scale 
production, 
requires no 
sintering step 

Expensive 
equipment 

(100–500) μm h−1 

Atomic layer deposition 
(ALD) 

Variety choices of 
precursors, 
uniform 
deposition, 
flexible in 
determining 
deposition factors 

Expensive, very 
slow, and use of 
corrosive products 

(1–100) μm h−1 

(rate), 
<0.001 μm(thickness) 

Dip-coating Simple, 
cost-effective, 
able to coat on 
irregular shape of 
substrate 

Time consuming (25–200) μm 

Brush-painting Simple, 
cost-effective 

Unsuitable for mass 
production, hard to 
control uniformity 
of final product 

– 

Tape calendaring Vary in thickness, 
good interfacial 
structure between 
substance and 
substrate 

Involves multiple 
layers for 
lamination 

(5–200) μm 

3D-printing stereolithography Good surface 
finishing, flexible 
material options, 
excellent 
mechanical 
performance, 
high-resolution 
printer 

Requires 
postprocessing 

(0.5–5) μm (grain  
size) 

3D-printing fused deposition 
modeling 

Easy remove of 
printed object/ 
paste, rapid 
reproduction 

Poor mechanical 
properties, poor 
surface quality, not 
good in small 
features, 
low-resolution 
printer 

~100 μm(thickness), 
(1–5) μm (grain size)



66 J. L. C. Huamán et al.

pressure is used to move the ink material onto a substrate. Finally, a definite picture 
of the pattern is transferred to the substrate, and a layer of ink is deposited [122]. The 
disadvantages of screen printing technique include the requirements for rheological 
properties of slurries, particle size of solid perovskite ceramics, material and life 
of screen, difficulty in cleaning screen plate, and low density of the produced film 
[123]. To enhance the quality and properties of the fabricated thin film through screen 
printing techniques, few critical parameters, which are ink rheology, printing number, 
and sintering process, need to be carefully designed [124]. Ink rheology is affected by 
a few factors, including viscosity, yield stress, thixotropy, and viscoelasticity [125]. 
Usually, the ink is a mixture of perovskite ceramics powder, binder, and solvent. 
Somalu et al. [48] conducted rheological studies of nickel/scandia-stabilized zirconia 
screen printing inks prepared via triple-roll milling technique for solid oxide fuel cell 
anode fabrication. In preparing the inks, they varied the amount of binder (1–3%) 
and solid content loading (25–30 vol.%). They found that the ink with 3% binder 
and 28 vol.% solid content loading has the best balance between thixotropic and 
viscoelastic properties. 

Besides, hexanol-based ink appeared better than terpineol-based ink due to a 
minimum number of film defects. Furthermore, the fabricated film showed no crack 
or delamination even after 15 cycles of electrical and electrochemical performance 
testing [126, 127]. Abdul Samat et al. optimized the number of the screen-printed 
film layers in evaluating the electrochemical performance of La0.6Sr0.4CoO3-δ . They  
reported that the La0.6Sr0.4CoO3-δ film with a thickness of (3.90 ± 0.18) μm and 
porosity of (23.09 ± 0.42)% recorded the lowest area-specific resistance value (0.11
Ω cm2) as compared to the other films with thickness ranging between (4.36 ± 0.30) 
μm and (5.88 ± 0.40) μm [53]. Baharuddin et al. studied the effects of sintering 
temperatures ranging from 900 to 1300 °C on the structural and electrochemical prop-
erties of the screen printed SrFe0.5Ti0.5O3-δ perovskite ceramic film. They reported 
that the thickness and porosity of the printed films decreased while the hardness and 
electrical conductivity of the printed films increased. Sufficient porosity is essen-
tial to enhance the fabricated film’s active electrochemical area, thus increasing its 
electrochemical properties [128]. 

Spin coating is a simple, reproducible, and fast technique for depositing thin 
coating onto a flat substrate. The substrate to be coated is held by a rotatable fixture, 
often using a vacuum to clamp it in place. The coating solution or slurry is deposited 
onto the surface of the substrate by the action of rotating or spinning, which causes 
the solution to spread out, forming a very uniform coating of the chosen material 
on the surface of the substrate. It is well known that rotation speed, time, and solid 
content determine the final thickness of the deposited material on the substrate. Huo 
et al. showed that solid content affects the microstructure and electrical properties 
of Co2.77Mn1.71Fe1.10Zn0.42O8 ceramic prepared by slurry spin coating technique 
at a spin speed of 3000 rpm for 30 s for the thermistor device. They found that 
an appropriate increase in solid content from 50 wt.% to 80 wt.% enhanced the 
uniform dispersion of the ceramic particles in slurries and grain densification. The 
thick ceramic film with 70 wt.% solid content shows higher density and relatively 
high stability with a resistance drift rate of 19.4%. The resistance drift rate for all
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samples is less than 1% per 100 h after pre-aging at 125 °C for 400 h [123]. The 
impact of spin speed on the film thickness of C–N–TiO2 co-doped nanocatalysts for 
photocatalysis or as an electron transporting layer for perovskite solar cells was done 
by Mouele et al. [129]. They reported that the film thickness decreased from 560 to 
160 nm as the spin speed increased from 2000 to 2900 rpm at a constant spin time 
of 90 s after annealing at 350 °C. 

4 Characterization Techniques of Perovskite Ceramics 

4.1 X-ray Powder Diffraction (XRD) 

For this part, structural characterization via the X-ray diffraction method is discussed. 
At the same time, the basic perovskite ABO3 (large A-site cation, small B-site cation), 
also known as ternary ABO3 type perovskite oxide, is taken into the spotlight. The 
easiest way to confirm and study the structural parameters (lattice parameter, density, 
crystallite size) is via the X-ray diffraction (XRD) analysis, which is relatively easy 
to identify for the ideal cubic perovskite as the XRD-sharp peak spectrum without 
any splitting was observed (Fig. 3). 

Suppose the perovskite-structured sample is a known material for the researcher. 
In that case, the diffraction peaks of XRD may be used to determine the phase 
structure properties, e.g., plane distances and miller indices. In the case of unknown

Fig. 3 XRD patterns for cubic-perovskite SrFe1-xTixO3-δ . Reprinted from Baharuddin et al. [130], 
with permission from Elsevier. Copyright (2019) 
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perovskite-structured materials, when the sample has an unknown structure, the XRD 
can acquire the values of the plane distances, which effectively stimulates the struc-
tural investigation. In addition, XRD is also important to help identify any distortions 
in the perovskite structure. Distortion in the phase structure of perovskite is vital to 
be evaluated, which later will influence the materials’ properties such as catalytic, 
ferromagnetic, and piezoelectric of perovskite [4, 131, 132]. 

The perovskite structure can be changed due to structural alteration and 
processing/working environment (pressure, temperature) factors. Before reporting 
the phase transformation detection via XRD, one must know how to differentiate 
the phase change from the secondary phase formation (phase purity). A straightfor-
ward trick to differentiate these two is by looking at the plane position or simply 2θ 
(°-value). For the phase structure transformation, such as cubic to tetragonal or vise 
versa, the peak will be split into two but still from the same base, or simply the area 
below the peak or 2θ range remains the same, as shown in Fig. 4 [133]. 

Generally, the transformation from cubic into the tetragonal structure can be 
observed via peak splitting; for example, the single peak will be split into two peaks 
as a is longer equivalent to c (a /= c) in the unit cell. As for the transformation to 
orthorhombic, a single sharp cubic peak will be split into three peaks as a /= b /= 
c. While for the secondary phase, new peaks are formed at different degrees of 2θ. 
An example of this finding can be seen in Song et al. [134] report. In this work, the 
parent B-site doped La0.4Sr0.6Fe0.7Ti0.3-xCoxO3-δ (LSFTC) was managed to maintain 
its cubic structure even after 0.2 mol ratio (x = 0.2). However, once the samples

Fig. 4 Example of the XRD pattern emphasized on peak splitting due to crystal system trans-
formation. Reprinted from Kwon and Yoon [133], with permission from Elsevier. Copyright 
(2007) 
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Fig. 5 Example of the XRD patterns for materials with secondary phases. Reprinted from Song 
et al. [134], with permission from Elsevier. Copyright (2020) 

were tested under different durations for a reduced wet-H2 treatment environment 
(to be used as an anode for symmetrical solid oxide fuel cell), the formation of the 
secondary phases of K2NiF4 layered perovskite and metallic phases can be seen as 
in Fig. 5 [134]. 

In the case of structure distortions, a basic understanding of the cause of diffrac-
tion and data confirmation from the XRD will be beneficial. The environment-
induced distortion from other structures to ideal cubic is also possible. The perovskite 
(1−x)(Na1/2Bi1/2)TiO3–xBaNbO3, or called NBT-BT05, in which x = 0.05, was 
proven to undergo a direct transformation from rhombohedral (space group: R3c) 
phase to the ideal cubic (space group: Pm3m) with the change of temperature [135]. In 
this work, besides the prominent peaks for NBT-BT05, the superlattice peak, namely, 
S1 located at 2θ around 38.5° (see Fig. 6), is also evaluated to confirm the trans-
formation. Interestingly, the S1 peak has entirely disappeared from a temperature of 
473 K and was consistent until the highest temperature of 900 K. This confirmed that 
neither rhombohedral nor tetragonal phase existed in the perovskite due to A- and 
B-site modification that causing the difference in the lattice strain, hence distorting 
or tilting the structure into cubic Pm3m.
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Fig. 6 Changes in XRD 
pattern of NBT-BT05 
focusing on S1 area at 
different temperatures. 
Reprinted from Jayakrishnan 
et al. [135], with permission 
from Elsevier. Copyright 
(2021) 

The temperature-related factor for a phase transition is also extensively reported 
by Oku [136]. In this work, perovskite-structured methylammonium trihalogeno-
plumbates (II), CH3NH3PbX3 (X = Cl, Br, and I) for solar cell materials application 
are reviewed. With the variation in dopant species studied, the crystal systems and 
transition temperature (temperature when the phase structure changes accordingly) 
do show different values and groups. But, in general, all materials of CH3NH3PbX3 

(X = Cl, Br, and I) possessed a cubic perovskite at high temperature. Table 4 summa-
rizes the crystal system and transition temperature for reported materials. Figure 7 
shows the XRD pattern for one of the compositions (CH3NH3PbI3). 

Besides both sites doping, some researchers distort to allow phase transformation 
by manipulating the B-site. The selection of B-site doping is not because of the 
insignificancy at A-site doped cations; however, the A-site usually tends to have a 
stable valence causing not much structural manipulation that later influenced the 
perovskites’ structural, physical and chemical properties. Yet, in particular cases,

Table 4 Crystal systems and transition temperatures of CH3NH3PbX3 (X = Cl, Br and I). Repo-
duced from Oku [136], under the terms and conditions of the Creative Commons Attribution 3.0 
Unported (CC BY 3.0) license. https://creativecommons.org/licenses/by/3.0/ 

Material CH3NH3PbCl3 CH3NH3PbBr3 CH3NH3PbI3 

Crystal system Cubic Cubic Cubic 

Transition Temperature (K) 177 236 330 

Crystal system Tetragonal Tetragonal Tetragonal 

Transition Temperature (K) 172 149–154 161 

Crystal system Orthorhombic Orthorhombic Orthorhombic

https://creativecommons.org/licenses/by/3.0/
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Fig. 7 Calculated X-ray diffraction patterns of CH3NH3PbI3 with cubic, tetragonal, and 
orthorhombic structures. Reproduced from Oku [136] under the terms and conditions of the Creative 
Commons Attribution 3.0 Unported License. https://creativecommons.org/licenses/by/3.0/

the A-site deficiency also plays an essential role in enhancing material properties, 
as mentioned in the previous part (e.g., oxygen vacancies). Going back to the ideal 
cubic with BO6 network, the species of B-site cation that fill up the space will 
determine the perovskite-structural changing flexibility. Considering cations B-site 
only, the distortion from cubic to tetragonal, orthorhombic, or trigonal may happen 
if the cation species are too small. There are three possible distortions at the B-site

https://creativecommons.org/licenses/by/3.0/
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or at the BO6 network, namely B-site cation displacement, BO6 tilting, and BO6 

distortion [4], which will not be covered in this current discussion. 

4.2 Transmission Electron Microscopy (TEM) 

As the XRD will help confirm the phase structural parameters, crystal system, and 
purity of the perovskite materials, the crystallite size to the extent of nanoparticles can 
also be estimated via XRD. In this aspect, the full width at half maximum (FWHM) 
in XRD analysis becomes the primary function in determining the crystallite size. 
Usually, this value can be obtained directly from the built-in XRD fundamental 
analysis using the Scherer equation to calculate the size. 

One can further analyze the microstructure of the perovskite via electron diffrac-
tion tools such as Transmission electron microscopes (TEM). Besides the struc-
tural parameter (crystal system, phase purity, etc.), microstructure analysis is crucial 
to determine the defects at the surface, interlayer, and intragrain, which influence 
the performance of the perovskite in their respective application. For example, in 
solid oxide fuel cell application, microstructure failure like delamination at the inter-
component layer led to electrochemical performance degradation. The perovskites’ 
microstructure can vary from atomic to micro size depending on the applications. 

On the other hand, TEM is best known for its capability to capture particles as 
small as nano with a resolution below 0.1 nm at 30–1500 kV [137], explaining the 
high usage of this analysis to confirm the microstructure of any samples. Due to the 
higher voltage range compared to the scanning electron microscope (SEM), electrons 
obtained enough energy to allow transmission holistically throughout the samples. 
Thus, the results obtained from TEM will cover the surface microstructure and deeper 
until reconfirming the phase structure or atomic scale, with minimal sample volume 
utilizing as small as 0.1 nm incident electron probe. The incident electron will scatter 
at several trials before leaving the sample, resulting in imaging or diffraction patterns 
up to the atomic structure level [138]. Multi-directional electron diffraction on the 
crystal was applied to understand the structural parameters (e.g., crystal system, 
lattice parameters). Moreover, an added value analysis such as high-resolution TEM 
and energy-dispersive X-ray spectroscopy will be handy in constructing the atomic 
structure model. In the case of a known sample, it is easier to recognize the perovskite-
structured material by comparing TEM images and diffraction patterns [136, 139]. 
Figure 8 shows the overview of the signals generated by TEM.

Electron diffraction, known as the selected area/area electron diffraction (SAD/ 
SAED), is one of the main functions in the TEM that helps in a crystallographic study. 
SAD or SAED allows part of the electrons to be scattered (without any deflection) 
to specific angles that correspond to the crystal structure of the perovskite sample, 
yielding the series of spots called the selected area diffraction pattern (SADP) that 
depends on the users’ area selection. Any tilting or distortion in the crystal structure 
will be reflected in the resulting SADP, proving the versatility of TEM analysis 
beyond microstructure imaging purposes. Generally, the SAED is quite similar to
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Fig. 8 Overview of the signals generated by the TEM. Reprinted from Rothmann et al. [138], with 
permission from John Wiley and Sons. Copyright (2017)

XRD as both help to confirm the crystal system. However, the samples’ area for this 
electron diffraction experiment can be extremely small (in the nanometer range). 
Talking about the tilting/distortion observation from the SADP, the example of phase 
transformation detection via TEM has been discussed extensively again by Oku [136]. 
Figure 9 shows the rearranged figure from the source on the cubic and tetragonal 
perovskite CH3NH3PbI3’s atomic structure model with the SADP results along [110] 
direction.

As a remark, microstructural analysis via TEM is a powerful tool that is under-
estimated, which is usually believed to give images and particle size, especially for 
the perovskite-structured materials. Interestingly, TEM and XRD can complement 
each other in confirming the crystal system and lattice parameters and monitoring 
the structural transformations. Extensive work that specifies the TEM capabilities 
on microstructure, morphology, crystal system, and physical characteristics of the 
perovskite materials should be done to achieve more accurate data on the as-produced 
materials. 

5 Physical Properties 

Perovskite structure is of interest due to its significant physical properties connected 
with technological devices. The physical properties of several perovskite materials 
are different from their intrinsic and extrinsic properties and the interaction between 
them. In this Review, we summarize and critically assess the most recent advances



74 J. L. C. Huamán et al.

Fig. 9 SADP at [110] direction for a cubic CH3NH3PbI3, and  b tetragonal CH3NH3PbI3. Repro-
duced from Oku [136] under the terms and conditions of the Creative Commons Attribution 3.0 
Unported License. https://creativecommons.org/licenses/by/3.0/

in understanding the physical properties of perovskite structures, such as optical, 
dielectric, ferroelectric, and magnetic properties. For example, it has been reported 
that the optical properties of many materials, such as the refraction, absorption, 
reflection, and scattering of light, among the most important, are different at the 
nanoscale compared with their values at the macroscale. Besides, the rich variations 
in physical properties arising from carrier doping are not yet thoroughly understood. 
The scale effect (obtained from the different synthesis processes) and the doping 
effect are discussed, including the physical reasons. Dielectric materials exhibit linear 
polarization behavior as a function of the applied field. Ferroelectric ceramics are 
dielectrics with a permanent electric dipole, which can be oriented upon using an 
electric field. 

In contrast, ferromagnetic ceramics with magnetic moment can be oriented 
upon applying a magnetic field. Although various properties arise from the crystal 
symmetry adopted by these materials, they are sensitive to variables such as chemical 
composition, purity, densities of surface and bulk defects, grain size, and sintering 
conditions. Hence, critical assessment and discussion on these parameters are vital 
for effective quality control of the devices produced from these materials.

https://creativecommons.org/licenses/by/3.0/
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5.1 Optical Properties 

Optical spectroscopy has been widely used for the characterization of the perovskite 
materials. The experimental procedure for analyzing perovskites through optical 
spectroscopy is fundamental to the development of optical devices. 

5.1.1 UV–Visible Spectroscopy 

Optical spectra in the ultraviolet and visible (UV–Vis) regions are of fundamental 
importance for understanding the structure of electronic bands of a solid. Besides, 
absorption is an important characteristic for its application in an optoelectronic 
device. It determines the optical bandgap, which is a key to calculate the theoretical 
limit for various parameters of a photonics device. The measurement spectrometer 
consists of a light source, a monochromator (or polychromator), and a detector, as 
shown in Fig. 10. Optical components such as mirrors and lenses are used to opti-
mize the light beams. A monochromator is a device with mechanism that produces 
monochromatic light from a light source, while a polychromator produces different 
wavelength components simultaneously. 

Absorption occurs when an atom can react with incoming light (which is a stream 
of photons). It can either scatter the light or absorb it. During scattering, light may be 
redirected or alter the direction. In the case of absorption, the atom makes a quantum 
jump to one of its higher energy levels after absorbing light, i.e., specific wave-
lengths cause excitation in the electronic energy levels. The wavelength (λ) of light  
required for electronic transitions is typically in the ultraviolet (λ = 200–390 nm) 
and visible region (λ = 390–780 nm) of the electromagnetic radiation spectrum, i.e., 
it can cause excitation in the electronic energy levels. Electronic absorption spec-
troscopy is frequently called UV–Vis spectroscopy. Within each electronic transition, 
there are also vibrational and rotational transitions. This absorption of energy can be 
detected by UV–Vis spectrometry using a charged-coupled device (CCD) camera. 
A (CCD) camera detects incoming light photons from the sample and converts them 
to electrical charge to create a spectroscopic spectrum [140].

Fig. 10 Schematic diagrams showing UV–Visible spectrophotometer 
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The absorption coefficient (α) is the property of a material that gives the amount 
of light absorbed. The inverse of the absorption coefficient is the average distance 
traveled by a photon before it gets absorbed. The absorbance (A) is given by A = 
εcl = αc, where ε is the molar absorptivity, c is the concentration of a solution, l 
is the path length of the sample, and α is the absorption coefficient. The ratio of 
transmitted light intensity and incident light (I/I0) is called the transmittance (T ). 
The relation between A and T is A = −logT = log

(
1 
T

) = εcl = αc. Generally, 
in the literature, one can find the absorption measurement shown as the absorption 
coefficient or absorbance. Both I and I0 can be measured, so A can be determined 
experimentally. The absorption coefficient is wavelength dependent, and the spec-
troscopy provides a spectrum between α and λ for a given sample; solution or solid. 
The solid sample should be thin to avoid absorption saturation due to the blurring 
of the optical path. The band gap energy Eg of a material can be calculated by the 
method proposed by Wood and Tauc [141]. According to these researchers, Eg is 
related to the absorption coefficient and energy of photons by the following equation 
αhν = A(hν − Eg)

n , where h is Planck’s constant, ν is the frequency of light, (hν) is  
the energy of the photon, A is a constant, and n is a variable that depends on the nature 
of electronic transition (n = 1/2, 2, 3/2 or 3 for direct allowable, indirect allowable, 
direct prohibited, or indirect prohibited, respectively). 

The UV–Vis spectrum of nanomaterials is generally different from their bulk 
counterparts. Figure 11a shows the UV–Vis spectra of organometal halide perovskite 
Pe’s) materials having different particle sizes [142]. The average nanocrystallite sizes 
calculated from the XRD results are ∼76, ∼52, ∼24, ∼15, and ∼10 nm for samples 
4,4-bis(N-carbazolyl)-1,1-biphenyl (CBP) and organometal halide perovskites (Pe’s) 
with weight ratios of 1:1, 3:1, 4:1, 10:1, and 15:1, respectively. It can be seen that the 
nanoparticles show broad absorption spectrum due to quantum confinement effects 
and the absorption peaks shift toward higher energies as the average nanocrystallite 
sizes of the nanoparticles decrease, indicating a positive change in the material’s 
band gap. According to Brus [145], the band gap consists of the contributions of the 
band gap of the bulk material, and the band gap due to quantum confinement i.e., 
Eg = Eg,bulk + Eg,conf., the  Eg,conf. for a cubic box takes the form of 3h2π/2md2, 
where h is the reduced Planck’s constant, m is the effective mass of carriers (reduced 
mass for electrons and holes), and d is the size of the nanocrystallites. Peak widths of 
the nanoparticles also depend on the size distribution of the nanoparticles [143, 146], 
doping [144, 147], and temperature [143, 148]. In BaTiO3 (BT) pure samples with 
thermal treatment, BT1-1 (1000 °C) to BT1-2 (1100 °C) and BT3-1 (1000 °C) to BT3-
2 (1100 °C), the absorbance decreases, and increases, respectively, with the increase 
of calcination temperature (see Fig. 11b). The enhancement of the light absorption 
and slight shift can be associated with the strain, particle size, and the presence of 
chemical defects on their surface [149–152]. In addition, the effect of free carriers in 
the structure and interactions of chemisorbed alkoxide ions on the surface with BT 
can create localized electronic states within the band gap, thus influencing optical 
absorption. On the other hand, small variation in the doping content of the doped 
samples led to modification of the absorbance due to the presence of doped ions. 
For example, (Ba0.95Ca0.05)(Ti0.92Sn0.08-xZrx)O3 (abbreviated as BCTSZx) (0  ≤ x ≤
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Fig. 11 UV–Vis absorption spectra of a CBP/Pe. Reproduced from Di et al. [142] under the terms 
and conditions of the Creative Commons Attribution license (CC-BY). https://creativecommons. 
org/about/cclicenses/ b BaTiO3. [143], and c (Ba0.95Ca0.05)(Ti0.92Sn0.08-xZrx)O3. Reprinted from 
Pan et al. [144], with permission from Elsevier. Copyright (2021) 

0.08) perovskite ceramics [144]. All samples exhibit effective light absorption when 
the wavelength was below 750 nm, along with enhanced absorption at 450 nm, which 
is associated with the electronegativity of the doping elements and electronegativity 
difference between the A (or B) cation and the oxygen anion (see Fig. 11c). 

The quantitative analysis from UV–Vis spectroscopy is used to determine the 
analyte concentrations in a solution, which is related to the absorbance using Beer’s 
Law. Also, it makes it possible to determine the component of interest based on the 
area of its absorption spectra and aggregation state of the constituents and functional 
groups in molecules (or confirm the identity of a compound). Besides, the UV–Vis 
spectrum is size and composition dependence. However, environmental effects can 
affect the spectroscopic properties and should be considered, such as solvent effects, 
pressure, and temperature. Such considerations allow us to elucidate, a change in 
the energy/wavelength indicates a change in the degree of geometric interaction, and 
a state affected (ground or excited), which will be indicated by the curve involved 
(absorption or emission). 

5.1.2 Fourier Transform Infrared (FTIR) Spectroscopy 

Infrared spectroscopy grew out of the need for a simple, reliable analytical technique 
used to identify organic, polymeric, and, in some cases, inorganic materials in pure 
compounds and mixtures. The method for performing IR spectroscopy is Fourier 
transform infrared spectroscopy (FTIR), which uses an interferometer. In FTIR, 
an interference pattern of the source is measured, and the spectrum is transformed 
from time domain to frequency domain by Fourier transformation. A typical FTIR 
spectrometer consists of a source, a Michelson interferometer with a beam splitter 
(BS), and a detector. Interferometer-based operation offers three main advantages; 
multiplex, throughput, and precision [153]. The first FTIR spectrometer detects the 
entire spectrum at once compared to the grating monochromator that only sees a 
narrow spectral region and requires a long time to scan the wavelength making it

https://creativecommons.org/about/cclicenses/
https://creativecommons.org/about/cclicenses/
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a slow process. This advantage enables many scans can be completed faster and 
hence a much higher signal–noise response. The multiplex advantage means many 
scans can be completed and averaged on an FTIR in a shorter time than one scan on 
most dispersive instruments. The second, the FTIR spectrometer, has a high optical 
throughput due to the lower use of necessary mirrors, which means fewer reflective 
losses. This means more energy hits the sample and, therefore, the detector in an 
FTIR spectrometer. Thus, the improvement of the signal-to-noise ratio, means that 
the instrument’s sensitivity to small absorptions will be more significant, which is 
reflected in a more transparent and distinguishable spectrum. Lastly, the use of laser 
in the FTIR spectrometer enables the wavelength in a measured spectrum to be 
measured very accurately, since using a laser to control the velocity of the moving 
mirror and for timing the collection of data points throughout the mirror stroke. 

It is important to point out that different FTIR instruments require to be either 
vacuum pumped or nitrogen (or dry air) purged, to avoid the strong absorption of IR 
radiation by molecular vibrations of H2O and CO2 in air, before the measurement 
process [153]. Likewise, the spectral range covered by an FTIR instrument depends 
on the specific combination of optical components (light sources, beam splitters, 
optical windows, mirrors, detectors, and polarizers) used. Light in the infrared (IR) 
region (14,000–10 cm−1) is of lower energy than that in the ultraviolet and visible 
regions; therefore, it excites the vibrational and rotational motions of a molecule 
rather than the electronic. Three main zones have been used to distinguish different 
portions in the IR range, far-infrared (FIR, 400–10 cm−1), “mid-infrared” (MIR, 
4000–400 cm−1), and “near-infrared” (NIR, 14,000–4000 cm−1). When light waves 
(electromagnetic energy) interact with a molecule, if the frequency of the light is 
the same as the frequency of the molecular vibration a peak will appear in the IR 
spectrum. Since each vibrational mode will correspond to a bond within the molecule, 
the structure of the molecule can be determined. In other words, each molecule or 
chemical structure will produce a unique spectral fingerprint, making FTIR analysis 
a great tool for chemical identification. The key with IR spectroscopy is that the 
molecule must have a change in the dipole moment. If this is not present, the molecule 
is not “IR active,” and an IR spectrum cannot be collected, however, it can be obtained 
by Raman analysis. 

FTIR analysis in transmission mode in solid sample powder needs a prior treat-
ment and is examined by mixing it with an alkali halide (i.e., potassium bromide 
KBr). FTIR analysis in reflectance mode enables application on a more significant 
assortment of sample forms without additional treatment. Reflections may be totally 
internal, specular, or diffuse. Powdered samples contain strong interferences from 
scattered light, which are affected by mean particle size, particle size distribution, and 
packing density. However, it is an effective tool in detecting the shape of nanometer-
sized materials. As particle size increases, the width of the peak decreases, and inten-
sity increases [146]. The decrease in the width of the peaks of the spectra suggests a 
change in a lattice structure and an increase in crystallinity. The MIR range is the most 
commonly used in FTIR to analyze perovskite materials since it contains the finger-
print region. Different types of compounds such as double perovskite Ba2BiVO6 

[154], perovskite transparent ceramics (1−x)K0.52Na0.48NbO3–xBaBiO3 [155], and
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Fig. 12 FTIR spectrum of the a polycrystalline ceramic Ba2BiVO6. Reprinted from Parida 
et al. [154], with permission from Elsevier. Copyright (2019), b perovskite transparent ceramics 
(1−x) K0.52Na0.48NbO3–xBaBiO3 for x = 0.064. Reprinted from Jin et al. [155], with permission 
from Springer Nature. Copyright (2018). c oleic acid and as-prepared and ligand-free Cs4PbBr6 
NCs, clearly showing the removal of oleic acid after the washing procedure. Reprinted from Zhang 
et al. [156], with permission from the American Chemical Society. Copyright (2018) 

Cs4PbBr6 perovskite nanocrystals [156], were analyzed using FTIR spectroscopy 
on small cleaved surfaces and confirmed the fingerprint of atoms present in the 
compound (see Fig. 12). Among the double perovskites, Ba2BiVO6 was analyzed, 
where the anti-symmetric stretching mode of the cations for VO6 and BiO6 were 
identified, respectively, and the asymmetric bending modes of vibrations for O–V–O 
and O–Bi–O were determined. Also, the symmetric and asymmetric stretching vibra-
tions of O–Ba–O were identified. In Cs4PbBr6, perovskite nanocrystals were found 
to be associated with oleic acid molecules, which act as ligands on the abundant 
surface of the nanocrystals. By washing the nanocrystals, the presence of oleic acid 
was completely eliminated, resulting in the disappearance of all three peaks. 

5.1.3 Ellipsometry Characterization Technique 

The molecular orientation can be analyzed by variable angle spectroscopic ellip-
sometry [157]. This method detects the anisotropy of this orientation, even in a 
sample without long-range structural order. Ellipsometry (polarization analysis) is 
an analytical method to model the sample’s optical properties using the interference 
of obliquely incident light, i.e., changes in the polarization state of light, as shown 
in Fig. 13. The incident light (linearly polarized), with the s- and p-polarizations 
depending on the oscillatory direction of the electric field (Es and Ep in Fig. 13), 
have the same amplitudes and phases. The oscillatory direction of the p-polarization 
is parallel to the incident plane, while that of the s-polarization is perpendicular. 
After light incidence on the sample surface, the phase and amplitude of the incident 
light change by the sample because of the multiple interferences, and all components 
superimpose to form the reflected light from the sample surface with altered state of 
polarization, i.e., of different polarization state from that of the incident light. The
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Fig. 13 Measurement principle of ellipsometry. Reprinted from Li et al. [158], with permission 
from Elsevier. Copyright (2020) 

change in the amplitudes and phases of the s- and p-polarizations in the light makes 
the plane of the polarization rotate as the light propagates, as shown in Fig. 13, leading 
the light to be elliptically polarized light. The difference in amplitudes between the 
s- and p-polarization in the reflected light is monitored as the ellipsometric parameter
ψ. The difference in the phases is monitored as the parameter Δ. Such parameters 
depend on the refractive index n, extinction coefficient k, thickness of sample d, 
and also on the wavelength, and incident angle θ . Usually, multiple wavelengths are 
applied in the sample, getting different values of ψ and θ , consequently, thus n and 
k are dependent on the wavelength. From the experimental values of ψ and θ , it is  
possible to determine the samples’ n, k, and d. 

The ψ and θ measured from ellipsometry are defined from the ratio of the 
amplitude reflection coefficients for s- and p-polarizations (rp and rs),1 as follows 
[157]: 

ρ ≡ tanψeiΔ ≡ 
rp 

rs 
=

(
Erp 

Eip

)
/

(
Ers 

Eis

)
(3) 

where ρ is called the complex reflectance ratio and Δ = δp − δs is the p-s phase 
difference of the field components. 

Applying the relationships rp, rs, and ρ to obtain 

tanψ = ||rp

||/|rs| (4)

1 The amplitude reflection coefficient for p-polarized light is defined as rp ≡ (
Erp/Eip

) = 
(ntcosθi − nicosθt )/((ntcosθi + nicosθt )) =

||rp
||eiδp , similarly, the amplitude reflection coefficient 

for s-polarized light is expressed by rs ≡ (Ers/Eis) = (nicosθi − ntcosθt )/((nicosθi + ntcosθt )) = 
|rs|eiδs , where  |r| and δ show the amplitude ratio and phase difference between the incident and 
reflected waves, respectively. 
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Since the reflectance for the p- and s-polarizations are given by Rp =
||rp

||2 and 
Rs = |rs|2 , respectively, tanψ can be interpreted as the reflectance ratio, i.e., tanψ =(
Rp/Rs

)1/2 
. Thus, through the spectroscopic ellipsometry method under variable 

angles, it is possible to analyze samples’ optical constants and thickness. 
Variable angle spectroscopic ellipsometry has been used to study electronic 

properties of BiFeO3, which were performed at incidence angle θ i = 65°, in the 
UV–Vis spectral range [159]. The pseudo-dielectric function ⟨ε(E)⟩ is obtained 
directly from the measurements of ellipsometry angles ψ and Δ. The ⟨ε(E)⟩ was 
calculated directly from the complex reflectance ratio ρ ≡ tanψeiΔ as follow:

⟨ε(E)⟩ =  sin2 θi

[
1 + tan2θi

(
1−ρ 
1+ρ

)2
]
. The extinction coefficient k of the BiFeO3 

powder was determined from ⟨ε(E)⟩ which is obtained from the measurement of 
ellipsometry angles ψ and Δ, and plotted against photon’s energy E = hν (see the 
inset in Fig. 14a). The optical properties of pure and Fe3+-doped CeO2−y samples were 
investigated by spectroscopic ellipsometry [160]. The direct band gap energy was 
determined from the Tauc plot shown in Fig. 14a, where (αhν)2 was plotted against 
photon’s energy (E = hν), then a linear fit was performed in the linear region, and 
the value of band gap energy was represented by the intercept with the energy axis. 

Fig. 14 a Tauc plot of (αhν)2 versus photon’s energy E = hν to obtain the direct band gap energy 
(Eg) from the intercept with energy axis obtained from a linear fit for the linear part of the curve. 
Inset shows the extinction coefficient (k) of the  BiFeO3 powder obtained from spectroscopic ellip-
sometry. Reprinted from Čebela et al. [159], with permission from Elsevier. Copyright (2017). 
b Imaginary part of pseudo-dielectric function (open symbols) together with numerical fits using 
Tauc–Lorentz (dashed line) and Cody–Lorentz (full line) model. Reprinted from Radović et al.  
[160], with permission from Elsevier. Copyright (2013)
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Among all applied models, Cody–Lorentz (CL) and Tauc–Lorentz (TL) models,2 

the best agreement between theoretical and experimental data was obtained using 
the CL model (see Fig. 14b). The imaginary part of the pseudo-dielectric function,
⟨ε2(E)⟩,is deduced from the ellipsometric measurements. All the nanosize-related 
effects (variation of band gap and defects within the band gap) are reflected in the 
spectral dependence of the complex dielectric function, which is related to the imag-
inary part ⟨ε2(E)⟩, related to the energy-band structure. Figure 14b presents the 
spectra of ⟨ε2(E)⟩ obtained by ellipsometry for pure and Fe doped samples (open 
circles) against photon’s energy in the range (1.5–6.5) eV. TL model failed to describe 
adequately the behavior of ⟨ε2(E)⟩. This is due to the fact that the TL model is based 
on the assumption that ⟨ε2(E)⟩ vanishes below the band gap. While the fits based 
on the CL model showed very good agreement with experimental spectra, due to 
considering the defects and/or disordered states. 

Spectral dependence of optical parameters of Fe and W co-substituted BaTiO3 

perovskite ceramics, such as real (ε1) and imaginary (ε2) parts of the dielectric 
function, n, k, and absorption coefficient was carried out for photon energy in the 
range (1.4–4.96) eV. All were analyzed using the ellipsometry experiments [161]. 
The plots of evaluated of ε1, ε2, n, and k are shown in Fig. 15. The  ε2 presents a 
monotonic variation (strictly increasing), although this behavior is also increasing 
for ε1 a decrease was observed around 3.15 eV. Such behavior is because there 
is a relationship between dielectric function (ε1, ε2) and optical constant (n, k): 

n =
(
1/ 

√
2
)(//

ε2 1 + ε2 2 + ε1

)

, and k =
(
1/ 

√
2
)(//

ε2 1 + ε2 2 − ε1

)

. The  value  

of the refractive index n in the UV–visible region is in the range 1.38–1.61, and 
the refractive index shows a peak around 3.75 eV (330 nm). The k-values increase 
when photon energy increases, besides, values of the extinction coefficient are low 
at lower photon energy, which indicates that the absorption loss is low in the higher 
wavelength range studied here.

5.1.4 Luminescence Spectroscopy Measurements 

The extrinsic and intrinsic properties define the optical response in perovskites. Lumi-
nescence spectroscopy is a very sensitive technique that explores the interaction of

2 The Tauc–Lorentz oscillator model is expressed as ε2(E) = 

⎧ 
⎨ 

⎩ 
0, E ≤ Eg 

(E−Eg )
2 

E2 . AE0┌E 

(E2−E2 
0 ) 

2+┌2E2 
, E > Eg 

, 

where A, E0, and ┌ are the peak amplitude, position, and width, respectively. The Cody–Lorentz 

oscillator model is expressed as ε2(E) = 

⎧ 
⎪⎨ 

⎪⎩ 

E1 
E e

{
(E−Et ) 

Eu

}

, 0 < E ≤ Et 
(E−Eg )

2 

(E−Eg )
2+E2 

p 
. AE0┌E 

(E2−E2 
0 ) 

2+┌2E2 
, E > Et 

, where parameter 

E1 ensures continuality of dielectric function at E = Et , Et is the demarcation energy between 
Urbach tail region and interband transitions. Energy Ep separates the absorption onset behavior 
from the Lorentz oscillator behavior. 
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Fig. 15 Optical parameters of Fe and W co-substituted BaTiO3 perovskite ceramics as functions 
of hν a n and k. b ε1 and ε2. Reprinted from Bourguiba et al. [161], with permission from Springer 
Nature. Copyright (2016)

matter and photons, and investigates the electronic states in the band gap. The moni-
toring of material optical response, after interaction, as a function of the energy is 
essential, i.e., obtaining the number of photons emitted by the sample as a function 
of the photon energy. Luminescence is a non-destructive technique together with 
other techniques, such as absorption, holds valuable information on the interaction 
of matter and photons. 

The active materials in samples (pure or doped) interact with their neighbor-
hood ions/atoms. Luminescence in these materials arises from optical stimulation 
sources, that allows changing the state of the material from ground state to the 
excited state. The luminescence emitted is measured by a light detection system 
which comprises a photomultiplier tube and detection filters. Luminescence response 
presents a functional dependence on three parameters that can be changed during 
experiment; sample temperature, excitation wavelength, and excitation power. 

A schematic of the luminescence system is presented in Fig. 16a. The source 
can be any laser whose photon energy exceeds the band gap of the sample to be 
examined and whose power is sufficient to excite an adequate signal. For example, 
a Nd:YV04 solid-state laser operating on line of wavelength 532 nm, with power-up 
to 250 mW (produces photons at 2.54 eV), is used as the excitation source. This 
laser can be generated at continuous electric powers of watts, whereas tens of milli-
watts are often adequate to give good signals. This depends on the sample to be 
examined (as well as the system throughput and detector sensitivity), taking into 
account that too high laser intensity at the focused spot can damage the sample. 
The laser beam from the excitation source is filtered using a narrow bandwidth filter 
before entering a 532 nm free-space isolator, which stops any light from straying 
from the path. The optical path is then redirected using silver-coated mirrors (>98% 
reflectivity) to alter the direction of the light towards the sample. The laser is then 
reflected off a 45° mirror directed to the beam splitter. The optical beam is divided 
in half to measure the optical power in real-time. The remaining beam is focused 
using a High-Power MicroSpot Focusing Objective (LMH-10X-532) with a center
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Fig. 16 a Schematic of luminescence measurement system. b Electronic transitions involving 
electron–hole recombination in the perovskite 

wavelength of 532 nm. The light hits the sample after being focused on the objec-
tive, and the focused beam path is typical. The subsequent luminescence signal is 
collected and transmitted through the 0.55 m long monochromator and into a cooled-
Synapse 1024 × 256 Open-Electrode CCD Detector in the spectrometer measures 
the luminescence intensities. The luminescence spectrum can significantly improve 
samples from samples held below room temperature. Lower temperatures reduce 
the thermal broadening of the excited carrier energies, which at temperature Γ is 
roughly kBT, where kB is Boltzmann’s constant [162]. In addition, low temperatures 
tend to reduce the role of competing for nonradiative paths for recombination, giving 
a higher efficiency for the luminescence process, which results in an improved signal-
to-noise ratio. Virk [163], provide a brief but trenchant summary of luminescence 
characterization and its instrumentation. 

In ceramics materials, the valence and conduction band are separated by a band 
gap, as shown in Fig. 16b. The optical stimulation from the excitation source 
(λexc) induces valence electrons to be excited from the valence band to unoccupied 
states in the conduction band. The electron–electron and electron–phonon scattering 
processes result in rapid thermalization and relaxation to energy levels in the conduc-
tion band. Recombination of these excess conduction band electrons with excess 
valence band holes results in transitions to valence band and radiative luminescence 
emission (λem). 

Recent studies have shown that incorporating earth-rare ions into the perovskite 
structure can tune optical band gap, defect, ion migration, surface morphology, 
and optical response [164–166]. Enhanced up-conversion emissions in Er3+:BaTiO3 

(BTO) ferroelectric glass–ceramics via electric-stimulated polarization technique 
are discussed by Xie et al., [167]. Under the modulation of the electric field and 
upon 980 nm light excitation excites the electrons of 4I15/2 → 4I11/2 of Er3+, Ti4+ 
moves toward the electric field, and O2− is in the opposite direction, promoting the
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structural asymmetry of the BTO host (see Fig. 17a). Such asymmetry increases the 
dopant ions’ 4f–4f electric dipole transition probabilities. Thus, temperature and elec-
tric field factors can alter crystal-field structure properly in glass–ceramics, conse-
quently the optical response. Up-conversion optical properties and the corresponding 
energy transfer mechanism in polarized glass–ceramics are shown in Fig. 17b, c. 
The increased luminescence intensity of Er3+:BaTiO3 samples poled by increased 
voltage was observed, indicating that the ferroelectric domain is uniformly orien-
tated as the applied electric field, which is modification of the ligand field around 
rare-earth ions. The energy transfer mechanism of Er3+ results in a dynamic process 
as ground state absorption (GSA), the excited state absorption (ESA), and energy 
transfer up-conversion processes (ETU). Similar observations were observed in 
others types of perovskite samples Er3+:BaTiO3 [168], Pr3+:BaTi0.9(Yb0.5Nb0.5)0.1O3 

[169], Er3+:(Ba0.95Sr0.05)(Zr0.1Ti0.9)O3 [170], and K0.5Na0.5NbO3–SrTiO3 [171], 
Er3+:BaTiO3 [165, 172]. 

Luminescence modulation properties in (1–x)Na0.5Bi0.5TiO3–xNa0.5K0.5NbO3: 
0.002Er ceramics are used in information storage by the photoluminescence contrast 
before and after light irradiation [173]. The mechanisms of up-conversion and lumi-
nescence modulation are represented in Fig. 17d. Upon 980 nm light excitation, two 
emission peaks from Er3+ luminescent centers are observed due to the transition of 
2H11/2 and 4S3/2 → 4I15/2. In high-temperature sintering, the defect energy levels

Fig. 17 a 3D substitution models of BaTiO3 unit cell and local atomic distribution of BaTiO3 
perovskite particles and the offsets of Ti–O atoms after polarization. b Fluorescence emission pattern 
of sample BTErT850 under different electric fields. c Energy transfer mechanism of Er3+. (a, b, and 
c) reprinted from Xie et al. [167], with permission from Elsevier. Copyright 2019. d Mechanism 
of UC emission and its modification for Er3+ in (1–x)Na0.5Bi0.5TiO3–xNa0.5K0.5NbO3:0.002Er 
ceramics. Reprinted from Li et al. [173], with permission from the American Chemical Society. 
Copyright (2018) 
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formed from the volatilize (K, Na, and Bi). Under a wavelength of 405 nm, elec-
trons are excited to the defect energy levels and trapped by the oxygen vacancies. As 
a result, color centers form, which disappear when thermally stimulated. With the 
increase of Na0.5K0.5NbO3 content x ≥ 0.08, the degree of ergodicity is enhanced, 
while concentrations to x = 0.02, 0.04, and 0.06% a strong nonergodicity. In this 
last, the luminescence contrast is greatly enhanced through an electric field poling 
because of forming a long-ranged order ferroelectric state in them. 

Among other advantages, the luminescence spectrum contains information about 
the band edge and presence of excitonic peaks in perovskite ceramics [174, 175], trap 
states, and the degree of electron–phonon interactions [176–178]. Exciton binding 
energy can be estimated from the temperature-dependent PL spectrum [179, 180]. 
These parameters are crucial for the characterization and optimization of photonic 
devices. 

5.2 Dielectric Properties 

Common perovskites such as SrTiO3 experienced several conduction mechanisms 
under doping or reduction, from a transparent insulator to semiconducting or even 
metallic behaviors depending on the operational temperature. In the case of behavior 
under strain and electric field, this type of perovskite shifts from the paraelec-
tric (zero net polarization after external field removal) to ferroelectric (polarization 
remains after the field removal) characteristics. Perovskite materials properties are 
temperature-dependent due to the phonon scattering effect, which explains the carrier 
mobility property. Apart from that, perovskites are also known for their dielectric 
properties. The dielectricity is considered a traditional property of any perovskite-
structured ceramics alongside its piezoelectric characteristic, making it suitable for 
energy conversion (mechanical to electrical) applications [181]. 

In general, dielectric materials are also known as insulators, but with a partic-
ular characteristic of polarizability they are called polarized insulators. Figure 18 
helps to understand the polarizability of dielectric materials. When a conductor is 
placed between two oppositely charged plates, the charge moves freely to the positive 
terminal, creating current flow across the system. On the other hand, when a dielec-
tric material was inserted between two plates connected to a voltage source, this 
material was incapable of conducting the free electrons when an external load was 
supplied, as the valence electrons were bound to the nuclei of their parent atoms. 
Nevertheless, the bounded valence electrons tend to position themselves near the 
positively charged plate. This process is called polarization. At the same time, the 
valence electrons still experience the force from the external load, resulting in the 
electrons in a pull-and-push situation; electrons push onto the atoms by the attraction 
force (electrostatic force) and are pulled away from the nucleus by the external force. 
But it is still possible for the electrons to be released from the nucleus attraction force 
when the external force is too large compared to the nucleus attraction force. This 
phenomenon is known as a dielectric breakdown.
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Fig. 18 Comparison between conductor and dielectric materials 

As mentioned in the previous section, perovskite-based materials are suitable 
for photonic device applications due to their optical behavior. Apart from this, 
perovskite-based materials are also ideal for energy applications due to their dielec-
tric characteristics [181]. The conductivity and permittivity of a material determine 
how it interacts with an applied electric field. The fundamental parameter describing 
a dielectric is its relative permittivity. As shown in the following equation, the mate-
rial’s dielectric permittivity εr is the combination of the real and imaginary parts 
of complex dielectric constant under alternating current conditions. The real part 
defines the capability of dielectric materials to store energy, while the imaginary part 
represents the ability to lose energy [181]. 

εr = ε'
r − jε''

r (5) 

where ε'
r is the real part of the complex dielectric constant, ε''

r is an imaginary part 
of the complex dielectric constant, and j = 

√−1. 
The presence of polarizable constituents in the crystal results in the dielectric 

properties of bulk perovskites. These include cation distributions, octahedral tilting, 
and distortions, as well as any defects such as grain boundaries and various point 
defects [182]. As polarizable constituents become more mobile, relative permittivity 
increases with temperature and decreases as the intensity of the applied electric 
field increases. In perovskites, many factors possibly influence the resulting dielec-
tric response. Besides the microstructure-related factors, doping at both A- and B-
sites of these materials will significantly alter the dielectric behavior. In addition, 
a material’s dielectric constant can be refined by changing its composition. Alkali 
halide perovskite, for example, is already used to control the dielectric properties 
of metal halide perovskite materials owing to its large polarizability and bonding 
strength [183]. Figure 19 shows the relation between composition alterations with 
the dielectric constant of perovskites. From these findings, previous work concluded 
that the addition of sodium iodide (NaI) and rubidium iodide (RbI) had no effect 
on the frequency-dependent dielectric constant, whereas potassium iodide (KI) had 
a significant effect on the real part of the dielectric constant as shown in Fig. 19a, 
and it is also confirmed that the response is independent of the halide ions (Fig. 19b) 
[183].
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Fig. 19 Frequency-dependent real part of the complex dielectric constant for perovskite films 
incorporating different a alkali iodide, and b potassium halide species. Reprinted from Su et al. 
[183], with permission from Springer Nature. Copyright (2021) 

The complex dielectric constant is frequency dependence, which is obvious in 
Fig. 19a and b, and explained in detail in a supplementary note by R. Su et al. [183]. 
In addition, Fig. 20, shows the relationship between the real part of the dielectric 
constant and frequency, where three main regions are emphasized and labeled as A 
(below 1 Hz, low frequency), B ((1–104) Hz, moderate frequency), and C (above 
104 Hz, high frequency). For the real-part analysis, in region B, the target sample has 
a significantly higher dielectric response than the control, while changes in regions 
A and C are negligible. The trend recorded for the real part follows the Cole–Cole 
equation, the most commonly used model in dielectric materials to describe dielectric 
relaxation [183–185]. The Cole–Cole equation can describe the dielectric behavior of 
ideal insulators. However, due to the effect of DC conductance of perovskite films on 
the quasi-device used in the impedance spectroscopy measurement, the sandwiched 
structure indium tin oxide (ITO)/Perovskite/Au could be viewed as an ideal dielectric 
capacitor connected in parallel with resistance in perovskite photovoltaics [183].

BaTiO3 is one of the most commonly used ceramic materials in the industry, 
particularly as a capacitor, due to its excellent dielectric properties [186]. Most elec-
tronic parts contain a ceramic-based capacitor known as a multi-layer ceramic chip 
capacitor (MLCC). To measure the capability of MLCCs, the equation used is as 
follows: 

C = ε0εr 
NA 

d 
(6) 

where ε0 is the absolute permittivity of a vacuum (8.85 pFm−1), εr is the relative 
dielectric constant of the materials, N is the number of MLCC layers, A is the area 
of the electrode, and d is the thickness of dielectric. 

According to Eq. (6), in order to have a higher capacitance C, in addition to 
reducing the MLCC’s thickness, the perovskite material used should have a high
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Fig. 20 The real part of 
dielectric constant for 
perovskite films as a function 
of frequency: range A (low 
frequency), range B 
(moderate frequency), and 
range C (high frequency)]. 
Reprinted from Su et al. 
[183], under a Creative 
Commons Attribution 4.0 
International License, http:// 
creativecommons.org/lic 
enses/by/4.0/

dielectric constant. A high capacitance value of BaTiO3 led to the domination of 
these materials in the field of capacitors. One of the most important parameters in 
producing a high capacitance of BaTiO3-based capacitors is the controllable particle 
size [186]. As the particle size decreases, the tetragonality that is needed as the 
source of the dielectric constant will also decrease. In other words, the industry 
requires very fine BaTiO3 powders with high dielectric constants to manufacture 
high capacitance MLCCs [186]. Several studies, both experimental and theoretical, 
have been published to determine the dielectric constant of perovskites. For example, 
the capacitance spectroscopy techniques were used to probe the alternating current 
response of semiconductor materials and devices with respect to bias-voltage and 
frequency at different temperatures [187]. Capacitance-based techniques provide 
vital information, including defect activation energy and density, carrier concentra-
tion, and dielectric constant, for evaluating and understanding the electrical properties 
of semiconductor materials [187]. 

The measurement of dielectric properties of bulk perovskite is not particularly reli-
able experimentally. In general, the dielectric properties are measured experimentally 
by comparing the polarization differences between two polarization states generated 
by hysteresis loops created by switching the direction of polarization currents. The 
results of this method are typically validated using theoretical models, such as the 
modern electron wavefunction response, which employs a geometric phase. This 
method is available in computational density functional theory today (DFT) [188]. 
As for the experimental studies, many approaches were used, depending on the 
potential application of the perovskite materials, because the complete analysis of 
dielectric properties requires a variety of measuring methods. For example, scientists 
usually report the relative permittivity of a perovskite solar cell because it is crucial 
as it determines physical constants, such as the absorption coefficient, that affects 
the efficiency of the device [188].

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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5.3 Ferroelectric Properties 

Ferroelectric materials are deemed technologically important in many applications, 
including sensors, data storage, nonvolatile memories, solar cells, nanoscale transis-
tors, and optoelectronic devices. Generally, ferroelectric is a dielectric material that 
exhibits spontaneous electrical polarization switchable by an external electric field. 
The perovskite-type crystal structure of many ferroelectric materials has a permanent 
electric dipole moment associated with the underlying ionic unit cell. Consequently, 
it possesses spontaneous polarization (Ps), the dipole moment per unit volume. The 
net dipole moment arises due to the center of the positive charge, and the center 
of the negative charge in each unit cell does not overlap. The crystal structure is 
non-polar cubic and paraelectric above the Curie temperature (Tc). Commonly, Tc 

is up to 450 °C in some ferroelectric perovskite materials but significantly lower in 
others. 

The ferroelectric material tends to form a ferroelectric domain in which the polar-
ization or the unit cells within a domain are aligned. A domain wall is a boundary 
separating two adjacent domains. The orientation of the polarization and the domain 
walls are determined by crystal symmetry. Upon cooling from above the Tc, the  
domains are randomly oriented in the ferroelectric. This results in zero net polariza-
tion. Under an external electric field in excess of the coercive field (Ec), the dipoles 
within the ferroelectric material are gradually aligned with the applied field until 
saturation, in which they are completely aligned. When the external electric field is 
subsequently reduced to zero, the dipoles become less aligned. However, they do 
not return to their original orientation. A very high degree of alignment remains, 
and the material remains polarized at a level lower than the saturation polarization. 
This is called remanent polarization (Pr). When a bipolar external electric field in 
excess of the Ec is cycled, an electric polarization–electric field (P-E) hysteresis  
loop (P-E hysteresis loop) is generated. This is analogous to ferromagnetic mate-
rials under an external magnetic field. The name “ferroelectric” was given to the 
materials because their electric behavior is equivalent to the magnetic behavior of 
ferromagnetic materials [189]. 

Studies of the response of ferroelectric domains to an external electric field and 
mechanical stress offer valuable information for applications of ferroelectric mate-
rials in energy storage and power generation devices. The hysteresis loop can be 
used as one of the effective tools to draw this information. Many types of ferroelec-
tric hysteresis loops have been observed, as shown in Fig. 21. Figure 21a repre-
sents P-E hysteresis loops and energy storage properties for a linear dielectric, 
while Figs. 21b–d represent P-E hysteresis loops and energy storage properties for 
nonlinear dielectrics, which include a classical ferroelectric, antiferroelectric and 
relax or ferroelectric, respectively. The P-E hysteresis loop shown in Fig. 21b is the  
most common. This type of hysteresis loop is achievable in a classical ferroelectric 
material and characterizes a wide variety of ferroelectric materials.

Perovskite ferroelectrics may exist in different phases as a function of temperature, 
stress, electric field, and composition. Barium titanate, BaTiO3 (BTO), is considered
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Fig. 21 P-E hysteresis loop for a linear dielectric; b classical ferroelectric; c antiferroelectric, 
and d relaxor ferroelectric. The gray area represents the dissipated energy density and the hatched 
areas represent the recoverable energy density of dielectric, and ferroelectric capacitors during the 
positive charge–discharge cycle. Reprinted from Shkuratov and Lynch [189], with permission from 
Elsevier. Copyright (2011)

the first polycrystalline perovskite material, which has both properties of ferroelec-
tric and dielectric at room temperature. It has been found to be a suitable material 
for various ferroelectric-based applications, such as optical waveguides, dielectric 
memories, dielectric resonators, and electromechanical elements. BTO belongs to 
the ABO3 perovskite family, with Ba at A-site and Ti at B-site. Ba atoms are located 
at corner positions, O atoms at face-centered positions, and Ti atoms are located at a 
central position, as shown in Fig. 22. Variation in crystallographic orientation affects 
the ferroelectricity of BTO. It was found that the phase-transition temperature in BTO 
is grain size-dependent, and the ferroelectric phase is unstable at room temperature 
when particle diameter decreases below a threshold value [190]. The properties of 
doped BTO are determined by the grain size, doping, preparation root, and texturing 
[191]. For instance, a change in structure and electrical and magnetic properties was 
found when BTO was doped with iron (Fe) at B-site. Fe3+ ions were replaced by 
Ti4+ ions and magnetic properties were found to be dependent on temperature. A 
decrease in magnetization was noticed with an increase in the concentration of Fe 
[192].

Figure 23 shows the ferroelectric hysteresis loops (P-E loop), and Table 5 shows 
the values of saturation polarization (Es), coercivity, and remanence polarization 
for pure and Fe-doped Sr0.5Ba0.5Ti1-xFexO3 (0.00 ≤ x ≤ 0.025 in the step of 0.05) 
nanoceramics prepared via sol–gel combustion method. The P-E hysteresis loops 
signify that all samples showed ferroelectric behavior. From Table 5, it can also 
be observed that the presence of ferroelectricity in the prepared materials may be 
due to the long-ranged polar order of the dipoles. The positive oxygen vacancies 
created by the acceptor dopants, the iron (Fe), may be neutralized by introducing 
the negative charges. The dissimilarity in ionic radii of Ti4+ and Fe3+ ions varies 
the elastic behavior in the materials by doping defect. By application of the external 
electric field, stretching and reorientation of the dipoles in the direction of polarization 
happens, which reduces the potential energy of dipoles. The occurrence of the lattice 
defects and the grain walls fixes the direction of polarization on every side of a domain
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Fig. 22 ABO3 perovskite structure of barium titanate, BaTiO3 (BTO). The black circle repre-
sents A-site (Ba), the green circle represents B-site (Ti), and the red circle represents oxygen (O). 
Reprinted from Tewatia et al. [191], with permission from Elsevier. Copyright (2021)

wall, which confines the movement of dipoles. Thus, such types of P-E hysteresis 
loops were observed with an increase in Fe3+ ion concentration.

In general, ferroelectric perovskite materials have great charge carrier separation 
properties and possess voltages that can exceed the band gap. However, most ferro-
electrics have a wide band gap above 3.0 eV, which leads to the absorption part of 
the solar spectrum only in the ultraviolet regain [194, 195]. This is a huge obstacle 
to improving solar energy conversion efficiency. Thus, some measurements, like 
metal doping, have been taken in order to reduce the band gap. For instance, Co-
doped lead-free (Bi0.5Na0.5)Ti1-xCoxO3 perovskite ceramics have been synthesized 
by the solid-state reaction method. XRD, Raman spectroscopy, and SEM patterns 
confirmed the lattice structure of the ceramics influenced by Co ions. The optical 
band gaps of as-prepared ceramics decreased from 3.0 to 1.43 eV due to the changing 
grain size and the electronic transitions of the doped metal (Co). Additionally, the 
Pr increases from 5.75 μC/cm2 to 11.47 μC/cm2 according to the electric hysteresis 
loops, indicating that precise metal doping enhances the ferroelectric properties of 
the ceramic samples. The ceramics can be used for great potential applications in 
solar cells and memory devices [196]. 

5.4 Magnetic Properties 

Over the years, perovskite structured materials have gained increasing interest from 
scientific researchers due to their unique structural and compositional flexibility with 
the general formula, ABO3, in which A and B are cations, represent an important class 
of functional materials oxides that provide promising magnetic and electrical behav-
iors [197, 198]. The atomic arrangement of perovskite is very thermodynamically 
stable. They have the ability to accommodate a wide range of elements in the peri-
odic table due to the flexibility of their structure, which makes them a perfect hosting
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Fig. 23 P-E loops of Sr0.5Ba0.5Ti1-xFexO3 (0.00 ≤ x ≤ 0.025 in the step of 0.05) nanoceramics 
measured at a frequency of 50 Hz. Reprinted from Bhoyar et al. [193], with permission from Elsevier. 
Copyright (2020)

structure for adapting different macroscopic characteristics according to the desired 
applications [199, 200]. In the ideal cubic perovskite structure, for example, LaMnO3, 
rare-earth atoms (and alkaline-earth atoms) occupy the A-site, and manganese (tran-
sition metal) occupies the central B-site inside the oxygen octahedron. The source 
of electric crystal field splitting comes from the Mn3+ ion inside the O2− octahedron 
and the MnO6 complex is formed with Mn ion at the central position surrounded 
by six O ions. The magnetic properties of manganites are mainly determined by the 
transfer of electrons between the manganese and the oxygen orbitals [201].
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Table 5 Values of saturation polarization (Es), coercivity (Ec) and remanence polarization (Er) of  
Sr0.5Ba0.5Ti1-xFexO3 (0.00 ≤ x ≤ 0.025) nanoceramics prepared via sol–gel combustion method. 
Reprinted from Bhoyar et al. [193], with permission from Elsevier. Copyright (2020) 

x Es (esu/g) Ec (Oe) Er (×10−2) 

0.00 4.294 8.047 1.222 

0.05 2.557 14.154 1.277 

0.10 4.524 8.863 1.562 

0.15 3.383 13.221 1.580 

0.20 4.079 14.132 2.404 

0.25 0.440 2.902 0.090

The ceramics perovskite, for example, BaTiO3, has structural characteristics 
which make it appropriate for doping with 3d transition metals (Mn, Fe, Co, Ni) 
that have been predicted to enhance magnetic properties [202]. The BaTiO3 has 
been used as piezoelectric multi-layer devices [203], energy storage capacitors [204], 
and piezoelectric and ultrasonic actuators. Meanwhile, perovskite manganites have a 
wide range of magnetic properties, such as colossal multiferroic properties, magne-
tocaloric effect, and magnetoresistance. Magnetic refrigeration, bioprocessing, and 
miniaturized magnetic sensor are among various applications that can be obtained 
from the magnetism characteristics. Besides that, the application of an external 
magnetic field on perovskite manganites such as Ln1-xMxMnO3 can strongly enhance 
the electrical conductivity and raise up colossal magnetoresistance (CMR) effect 
[201]. CMR is a property of some materials, mostly manganese-based perovskite 
oxides, that enables them to dramatically change their electrical resistance in the 
presence of a magnetic field. 

The enhancement of magnetic properties has brought the formation of the double 
perovskite material. Double perovskites are formed by a “doubling” of the perovskite 
unit cell with an additional (double) A-site (A

'
A

''
B2O6) or double B-site (A2B

'
B

''
O6) 

[205, 206]. In the double B-site perovskite, different magnetic fields between rare-
earth cations and transition metal cations have their own basis in oxygen-mediated 
cationic exchange interactions. Furthermore, transition metal ions often produce 
mixed-valence states, which are believed to significantly influence magnetic prop-
erties [207]. Magnetic double perovskite materials have been identified to offer 
multifunctional characteristics such as multiferroicity, magnetoelectric coupling, 
magnetocapacitance, magnetoresistance, etc. 

The modification of perovskite materials’ magnetic properties also focuses on the 
development of perovskite composite materials. The definition of a composite is a 
material that is made up of two or more constituents that will produce different proper-
ties which are distinct from the parent source materials. In the last decade, perovskites 
(ABO3) and spinels (AB2O4) have gained attention as structured composite mate-
rials with multifunctional applications such as electro-ceramics perovskite that have 
potential use in fuel cells, catalysis, superconductors, electrochemical sensors, etc. 
[208]. Composite multiferroic materials that have a combination of ferroelectricity,
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ferromagnetism, and ferroelasticity are formed by physically mixing ferroelectric and 
ferromagnetic materials and are expected to exhibit strong magnetoelectric coupling 
at ambient temperature. 

A study was performed by Moustafa et al. [208] on the magnetic properties 
of multiferroic composite based on perovskite–spinel revealed that the composites 
exhibit typical ferromagnetic hysteresis loops, indicating the presence of ordered 
magnetic structure. In this study, the magnetic properties were measured using a 
vibrating sample magnetometer. Figure 24 displays the magnetic field dependence 
magnetization (M-H curve) of La0.8Gd0.2FeO3 (LGFO), Mn0.5Cu0.5Fe2O4 (MCFO), 
and LGFO-MCFO composites at room temperature where LGFO shows no satura-
tion occurred within the applied magnetic field. The M-H curve exhibit an increment 
of the MCFO contents resulting in an increase in the saturation magnetization (Ms) 
and the remnant magnetization. Magnetization can be defined as a vector quantity 
that gives a measure of the density of permanent or induced dipole moment in a 
given magnetic material. The enhancement of the magnetization may be contributed 
by the interfacial strain in the composites that can cause changes in the orientation 
of the spin. 

Besides the composite composition, other processing parameters of perovskite 
materials, such as doping amount, calcination temperature, and calcination time, have 
been found to affect its microstructure and magnetic properties. This has been proven 
by the study done by Lin et al. [209]. The increment of Mg2+ doping amount has 
increased the saturation magnetization of LaFeO3. However, the saturation magne-
tization and the residual magnetization (Mr) of the LaFeO3 were reduced when the 
calcination temperature increased from 400 to 600 °C. These phenomena occurred 
due to the increment of particle size at the increment of calcination temperature, 
which brought the reduction of the specific surface area. The decrease of the specific 
surface area will then reduce the magnetic interaction that affects the magnetization 
characteristics of the sample. Other than that, higher sintering temperature has the

Fig. 24 Hysteresis loops of 
composites. Reprinted from 
Moustafa et al. [208], with 
permission from IOP. 
Copyright (2022) 
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possibility to form impurity phases which can affect the magnetic properties of the 
perovskite composite materials. For example, the influence of calcination temper-
ature and calcination time on the Mr , Ms, and coercivity (Hc) of the perovskite 
(La0.85Mg0.15FeO3) material is displayed in Fig. 25, where Hc is the ability of a 
ferromagnetic material to withstand an external magnetic field without becoming 
demagnetized. Based on the graph [209], 600 °C seems to be the best calcination 
temperature for La0.85Mg0.15FeO3 to obtain good magnetic properties. 

It can be clearly seen that perovskite materials have unusual and excellent 
magnetic properties. The magnetic properties of double perovskite such as A2B

'
B

''
O6 

are controlled by modifying their cations, such as magnetic order, leading to a 
wide range of possibilities and interesting, useful new materials. The fundamental 
insight obtained in this work will be of great value in the future use of perovskite 
or double perovskite oxides in emergent technological applications. Focus on high

Fig. 25 The variation trend diagram of magnetic parameters of La0.85Mg0.15FeO3 sample calcined 
at 600 and 1000 °C for different times. Reprinted from Lin et al. [209], with permission from Elsevier. 
Copyright (2018) 
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stability and long-term lifetime is primary and essential to ensure the successful 
commercialization of perovskite materials. 

6 Application of Perovskite Structures 

6.1 Perovskite Ceramics in Energy Applications 

Perovskite oxides, complex oxides with the general formula ABO3, where A is a 
large-radius rare-earth ion, and B is a transition metal ion, have elicited increasing 
interest and shown great potential as an efficient oxygen evolution reaction (OER) 
electrocatalysts to replace noble-metal-based catalysts, especially in alkaline media 
[210]. Perovskite materials are essential, effective, low-cost energy materials used in 
electronic systems, photonic devices, storage, and energy utilization. In this section, 
the recent advances in perovskite oxide applications in oxygen reduction reaction 
(ORR), OER, electrochemical water splitting, metal-air batteries, solid-state batteries 
(SSBs), oxygen separation membranes, and solid oxide fuel cells (SOFCs) are high-
lighted (see Fig. 26). The discussion focuses on the recent progress of perovskite 
oxide’s structure, properties, and applications in energy conversion and storage. 
Perovskite oxides are promising oxygen electrode catalysts because of their low 
cost, flexibility, and tailorable properties. A wide investigation of perovskite oxide 
materials over the last few decades mainly aims to overcome the issue of high overpo-
tentials and slow kinetics of oxygen electrocatalysis (i.e., ORR and OER) for further 
development of fuel cells and electrolyzers. 

Fig. 26 Recent advances in 
perovskite-type oxides for 
energy conversion and 
storage applications. 
Reprinted from Sun et al. 
[211], with permission from 
John Wiley and Sons, 
Copyright (2020)
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Low electrical conductivity is a drawback of many perovskite oxides. To 
enhance electrode performance by increasing electrical conductivity pathways, ORR 
perovskite-based electrodes are commonly catalyzed by carbon-based catalysts. 
However, carbon materials can cause serious problems such as carbon corrosion and 
influence perovskite properties. Nanostructured transition metal perovskite oxides 
can substantially lower activation energy during ORR and are regarded as efficient 
noble-metal-free catalysts to reduce oxygen. They also offer high chemical activity, 
stability, versatility, and low cost [212]. Their ability to allow partial substitution at 
the A and B sites (A1−xA

'
xB1−yB

'
yO3), introducing changes in the valence states 

of metal cations and oxygen vacancies, offers a space for continuous enhancement 
to discover the highest performance and the most economic electrocatalysts. The 
improvement of perovskite oxide properties has focused on finding the most active 
materials and establishing activity descriptors such as anion doping, replacing A 
site with rare-earth metals, orbital filling, metal–oxygen covalency, numbers of d 
electrons, the p-band center of bulk, and B-site cation redox [211, 213]. Those 
stated improvement approaches aim to develop and achieve effective bifunctional 
ORR/OER electrocatalysis perovskite electrodes. Figure 27 displays the reaction 
mechanism of ORR and OER. 

The need for renewable energy and storage technologies has demanded clean 
hydrogen from renewable sources that directly split water using solar thermal 
energy [214]. Thermochemical cycles involve two or more steps in which a solid 
oxide is thermally reduced and oxidized, and their net result is the dissociation of 
water. However, it occurs through two or more endothermic and exothermic reac-
tions with lower temperature requirements. Perovskite oxides are widely studied as 
electrodes in electrochemical water splitting due to their excellent electrochemical

Fig. 27 ORR and OER reaction mechanism Beall et al. [212], with permission from American 
Chemical Society. Copyright (2021). https://pubs.acs.org/doi/10.1021/acscatal.0c04473 

https://pubs.acs.org/doi/10.1021/acscatal.0c04473
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stability, composition: structural flexibility, and low cost. Water splitting reactions 
on perovskite oxides involve the redox reaction [215, 216]. 

Photoelectrochemical (PEC) water splitting from perovskite materials is a 
promising device as an environmentally friendly hydrogen production method. It 
enables very active and stable water splitting using light-sensitive semiconductors 
and molecular catalysts. Additionally, a perovskite has a high absorption coefficient, 
long electron and hole diffusion length, and excellent electrical and optical prop-
erty operation [217]. Figure 28 shows the configuration of PEC that consists of a 
perovskite light absorption layer (fluorine-doped tin oxide), an electron-transporting 
layer, and a hole-transporting layer to extract the generated electron and hole, and a 
passivation layer to prevent perovskite degradation in an aqueous solution. 

The performance of the perovskite-based device is influenced by diffusion length, 
lifetime, and mobility of the generated carriers. Discovering a new perovskite photo-
catalyst with a higher hydrogen production rate remains a challenge in the field of 
PEC or photocatalytic water splitting. Therefore, Tao et al. developed a learning 
machine models (Fig. 29) that can be used to predict hydrogen production rate and 
band gap for ABO3-type perovskite, where atomic parameters and experimental 
conditions are considered variables in the development [218].

Recent advances in porous perovskite nanostructures for electrochemical energy 
conversion and storage systems, such as metal-air batteries, have attracted consid-
erable attention during the past decade [109, 219]. Perovskite oxides with suit-
able composition and nanostructure exhibit low overpotentials, extended surface

Fig. 28 Operating mechanism of perovskite-based photoelectrochemical device. Reproduced from 
Kim et al. [217] under the terms and conditions of the Creative Commons Attribution License 
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Fig. 29 Machine learning models to predict hydrogen production rate and band gap of ABO3-type 
perovskite for photocatalytic water splitting. Reprinted from Tao et al. [218], with permission from 
Elsevier. Copyright (2021)

area, and excellent bifunctionality (ORR and OER processes) are adequate for 
this application. Porous La0.6Sr0.4Co0.8Mn0.2O3 oxide nanofibers integrated with 
RuO2 nanosheets, La0.7Sr0.3MnO3 with Ce0.75Zr0.25O2, La0.56Li0.36Ti0.97Al0.03O, 
La0.8Sr0.2Co1–xMnxO3 (LSCM), and PrBa0.5Sr0.5Co2-xFexO5+δ are amongst the 
perovskite materials that have been developed and showed promising potential as 
catalysts for the metal-air batteries [210, 211]. The porous structure for perovskite 
metal-air batteries is essential because ORR or OER performance depends on its 
surface area. 

Another promising energy storage technology is the solid-state lithium battery 
as the next-generation battery system due to its high safety and energy density. A 
solid-state system is preferable due to safety concerns by eliminating flammable 
organic liquid electrolytes and limited energy density. Therefore, developing solid 
electrolytes that exhibit high Li-ion conductivity, low electron conductivity, wide 
electrochemical window, and low interface resistance between the electrode and the 
solid electrolyte to realize the practical application of solid-state lithium batteries is 
very important [220, 221]. Challenges in developing SSBs are fewer than in liquid 
batteries. One issue is the low interfacial compatibility between solid electrolytes and 
electrodes, which needs remarkable improvement for application in SSBs. Figure 30 
shows that the interfaces in an inorganic solid–electrolyte battery can feature several 
basic structures: cathode–electrolyte interface, anode–electrolyte interface, and inter-
particle interface. The performance of SSBs depends on the ionic conductivity of the 
electrolyte related to the ionic transport of Li+ at the interfaces. Other challenges in 
SSBs that need our attention are ionic conductivity of solid-state electrolytes, preven-
tion of Li dendrite penetration in high-strength ceramic electrolytes, and a clear 
understanding of the correlation of microstructure, dynamic behavior, and chemical 
reaction of solid–electrolyte interphase.
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Fig. 30 Schematic of different interfaces in solid-state batteries (The schematic only presents the 
general structures of inorganic solid–electrolyte batteries, and several specific components, notably 
conductive additives and polymer electrolytes in other batteries, are not shown). Reprinted from 
Xu et al. [221], with permission from Elsevier. Copyright (2018) 

Perovskite ceramics also have been widely used as a cathode, electrolyte, or anode 
component for SOFCs. SOFCs are essential devices that convert chemical energy 
in hydrocarbons or other fuels into electricity at high efficiency. Each principal 
component has its function and characteristics. Figure 31 illustrates the working 
principles and the process for each element of SOFC. A cathode material of SOFC 
should have sufficient high ionic and electronic conductivities and stability in the 
cathode’s oxidizing atmosphere fed with air. Lanthanum manganite-based cathodes, 
lanthanum cobaltite, ferrite cathodes, nickelate cathodes, and K2NiF4-type structure 
cathode materials have been reported [223, 224]. The composition and microstructure 
of cathode materials have a large effect on the performance of SOFCs. The mixed 
ionic–electronic conductor perovskite oxides containing Ba, La, and Sr at the A site 
and transition elements Fe, Cr, and Co at the B site have attracted much attention for 
cathode SOFC application, including BaxSr1–xCoyFe1–yO3–δ , La1–xSrxCoyFe1–y and 
SrTi1–xFexO3–δ .

The electrolyte in SOFC is placed between a porous anode and a cathode and is 
responsible for performing a vital function of separating the anode and the cathode 
gasses. Its functions are to conduct ions, separate reacting gases, and block internal 
electronic conduction. In addition, it must be stable in oxidizing and reducing 
environments [225]. Oxygen ion and proton conductors are commonly used as 
electrolytes in SOFCs. Perovskite lanthanum gallate oxides (LaGaO3), especially 
La1–xSrxGa1–yMgyO3–δ , show high oxygen ion conductivity [226]. The four main
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Fig. 31 Working principles of SOFC. Reprinted from Hanif et al. [222], with permission from 
Elsevier. Copyright (2022)

groups of electrolyte materials are zirconia-based, ceria-based, BaZrO3 and BaCeO3 

based, LaGaO3 based, and bismuth-based electrolytes [222]. The stated perovskite 
electrolytes can work at high to intermediate.SOFC operating temperature. 

Another SOFC component is the porous anode that directly exposes the cata-
lyst to fuels. Hence, it is one of the most important components. Perovskite oxide 
for anode SOFCs must have sufficient high ionic and electrical conductivity and 
excellent thermal and mechanical stability in the reducing conditions of the anode, 
typically in contact with H2 or other fuels. It should also be chemically and ther-
mally compatible with the dense electrolyte layer [227]. Ni-based anodes in SOFCs 
have excellent electrochemical properties and low cost but a few drawbacks, such 
as nickel sintering, carbon surface deposition, and sulfur poisoning when dirty 
hydrocarbon fuels are used, leading to component degradation. Thus, perovskite 
anode materials such as LSCM and La4Sr8Ti11Mn0.5Ga0.5O37.5 have been intro-
duced as anode materials for hydrocarbon-fuelled SOFCs [228, 229]. Perovskite 
La0.8Sr0.2Cr0.97V0.03O3, LSCM and La1−xSrxCr1−yRuyO3, La1–xSrxCr1–yNiyO3–δ and



Recent Advances in Perovskite Ceramics: Synthesis, Processing … 103

La0.6Sr0.4Fe0.8Co0.2O3–Ce0.8Gd0.2O1.9, and doped SrTiO3 have also been investi-
gated as anodes for hydrocarbon-fuelled SOFCs [227]. In summary, perovskite 
oxide ceramic materials represent the exploited application in energy storage and 
conversion devices. 

6.2 Perovskite Ceramics in Optical Device Applications 

Owing to unique magnetic, mechanical, optical, and electrical properties, perovskite 
material has been exploited mainly for potential optical device applications. Such as 
waveguide devices, second harmonic generation, optical modulators, UV blocking 
and detection for next-generation wearable devices, powerless sensors for easy detec-
tion of UV radiation, optical coatings, and filters for Microwave/IR/UV, among 
others. 

Ferroelectric materials such as BaTiO3 and SrTiO3 are widely investigated due to 
their physical properties and potential applications. They have been found to possess 
enhanced physical properties, exhibiting significant non-linear optical coefficients, 
large dielectric constants, and low charge loss. For the application in optical devices, 
the stability of such materials is a big challenge due to the enhanced properties of 
strong electron–electron interactions involving highly localized sites. However, such 
effects are sensitive to variables such as chemical composition, purity, number of 
surface and bulk defects, grain size, shape, sintering conditions, crystalline structure, 
and transition temperature [230]. Thus, considerable effort has been spent on rational 
synthesis and process agents in pure and doped structures [231, 232]. Erbium is an 
essential metal for doping BaTiO3 since Er3+ ions have optical fluorescent properties 
that are particularly useful in laser applications [233]. Composite polidimetilsiloxano 
(PMDS) and BaTiO3 nanoparticles are used to fabricate devices of mechanically flex-
ible 3D terahertz photonic crystals (3D-TPCs) to Terahertz technology (frequencies 
ranging from 100 GHz to 30 THz) [234]. The modulation of refractive indices is from 
the concentrations of BaTiO3 nanoparticles and structure geometry, and both could 
affect the terahertz properties of these 3D-TPCs. Besides, the THz properties of these 
3D-TPCs could be tuned by the in situ application of external force fields on them. 
Changes of 3D-TPC sample under elongation and torsion as examples of external 
force fields. The measured THz wave transmission spectra in 3D-TPC sample with 
40 wt.% BaTiO3 under elongation (10, 20, 30, 40, and 50%) showed a shift between 
0.5 and 0.6 THz, while 0°, 20°, 40°, and 60° torsions the measured THz photonic 
band gap peaks had a refined shift. Such a result has found novel applications in 
Terahertz technology. 

Ferroelectric material type Sm-doped (1−x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-
PT) is highly transparent relaxor ceramics due to their high transparency of 69.6%, 
large electro-optic coefficient of 35 × 10–16 m2 V−2, decent extinction ratio of 32 dB, 
and low half-wave voltage (113 V at d = L = 1 mm). Figure 32a, b [235] shows  the  
design of its application as electro-optic modulator. The response of this material 
for application in optical communication is influenced by the scattering loss, which
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Fig. 32 Application of PMN-PT transparent ceramics in optical communication. a Schematic 
diagram of the electro-optical modulation system, b The modulation of sinusoidal signals at 200 kHz. 
a, b reprinted from Fang et al. [235], with permission from John Wiley and Sons. Copyright (2021). 
c Schematic of a nanocomposite-integrated high-speed electro-optic modulator. Reprinted from 
Aepuru et al. [236], with permission from American Chemical Society. Copyright (2020) 

is the main factor affecting the transmittance, and it may be caused by the grain 
boundary scattering. The presence of Sm ions can influence ceramic density, trans-
parency, and other properties. Likewise, Sm ions accumulation at the grain boundaries 
will lead to Rayleigh scattering loss due to the different refractive indices between 
grain boundaries and matrix. However, the optimization of PMN-PT ceramics has 
reached 0.5 mol.% Sm-doped PMN-PT ceramics. The driving voltage and modula-
tion frequency can be tuned by ceramic width and thickness. Due to the electro-optic 
effect of PMN-PT ceramics, the varying electric signals can be modulated into optical 
signals and then received and demodulated by the silicon photodetector. 

The interaction of organic–inorganic materials such as graphene and metal-halide 
perovskite (graphene–CsPbBr3) has also been explored in new optical devices [236]. 
Different quantities of reduced graphene oxide, 10 mg (CPBGr1), 25 mg (CPBGr2), 
and 35 mg (CPBGr3) were added to CsPbBr3 (CPB) nanocomposites in the powder. 
The presence of graphene in CPB induced dielectric polarization with strong elec-
trical conduction and nonlinear dielectric behavior. The combination of organic– 
inorganic materials exhibits a significant enhancement in nanocomposite-integrated 
fiber-based electro-optic modulator design. The high optical and electrical response 
observed in the graphene–perovskite nanocomposites enable them to be further scru-
tinized as an active material for an electro-optic modulator. The optical fiber inte-
grated design is scrutinized to explore light modulation and electro-optic sensitivity 
under an applied electrical field, as shown in Fig. 32c. The increase of graphene 
adjusts the electro-optic interference that leads to phase modulation of light by a 
change in the refractive index of the graphene–CPB nanocomposites, and that results 
in a higher electro-optic sensitivity of 18 nm/V than those of CPB nanocomposites, 
as shown the Fig. 32c.
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7 Conclusion and Future Outlook 

Perovskite-based ceramics are a significant class of innovative materials with fasci-
nating properties, which are now receiving intensive research attention in energy 
conversion and storage, condensed matter physics, and optical device applications. 
In addition, inorganic perovskites exhibit many critical physical properties, such as 
ferroelectricity, magnetoresistance, and superconductivity. Perovskite ceramics are 
also categorized as the most important energy-focusing materials in batteries, fuel 
cells, photocatalysts, catalysis, thermoelectric, and solar thermal conversion. 

A future outlook needs to be focused on the fundamental understanding of the 
perovskite mechanism, the design and preparation of perovskite nanoparticles with 
appropriate particle size, distribution, and crystal structures to stabilize large amounts 
of oxygen vacancies. Other than that, surface engineering and photocatalytic mech-
anisms are the approaches that can be further explored to enhance the perovskite 
ceramics performance. In materials development, it is essential to identify new mate-
rials, which may include a wide range of perovskite compounds-related composi-
tions. Other than that, the development toward future industrial manufacturing and 
the scalability and impacts of ambient conditions for device fabrication should be 
well addressed. 

Few advances have been made in optimizing the performance of perovskite 
oxide materials. Focus on interface engineering, which involves surface modifi-
cation to produce uniformly dispersed active nanoparticles, can largely improve 
the performance of catalysts. Control of the composition and nonstoichiometry is 
essential in the growth of nanoparticles, which can eventually influence their chem-
ical performance and stability. Furthermore, in defect engineering emphasis, strain 
modulation and dimensional confinement must be considered to optimize the elec-
tron filling state and improve the electronic structure of perovskite oxides. Thus, 
advanced characterization techniques that provide in situ and real-time information 
about perovskite materials in a working environment are essential for developing 
their applications. The outlook in this interesting field requires a multidisciplinary 
approach, including electrochemistry, optical, experimental solid-state chemistry, 
and physics, and advanced characterization with multiscale computational modeling. 
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Advanced Perovskite Solar Cells 

Yuqin Tian, Can Zhu, Kun Hong, Kai Qiu, and Renhui Zhang 

Abstract The energy crisis is a huge challenge facing the world today. Natural 
resources such as coal and oil are consumed in large quantities and their reserves are 
gradually decreasing. It is imperative to advocate energy conservation. Meantime, it 
is very important to develop green and clean energy. Solar energy has become one 
of the most promising green energy sources in recent years because of its sustain-
able and safe advantages. Solar energy can be converted into effective energy such 
as heat energy through photoelectric conversion because it doesn’t produce harmful 
gases, solid waste, and other pollutants in the conversion process. In addition, the 
new solar cells have the advantages of low cost, cleanliness, and they are efficient. 
Since 2009, a new type of perovskite solar cell has developed rapidly. In order to 
further improve the photoelectric conversion efficiency of batteries, more researchers 
in recent years have tried to apply new ceramic materials (perovskite materials) to 
batteries, and have achieved remarkable results. Relevant research reports show expo-
nential growth. Perovskite solar cells use crystals with perovskite structure as electron 
transfer materials to improve the light absorption efficiency of the solar cells. Studies 
show that the structure and performance of the electron transfer layer directly affect 
the stability and life of the battery, which proves that the appropriate electron transfer 
layer is very important. New perovskite ceramic materials have been widely used in 
solar cell devices. This chapter mainly introduces the most common perovskite thin 
films and their preparation methods, organic–inorganic perovskite solar cells, etc., 
focusing on their development status, and the main factors affecting their stability. 
Finally, the current problems and development prospects in the research and appli-
cation of perovskite solar cells are introduced, which will lay a solid foundation for 
the deeper understanding of perovskite solar cells and the preparation of new and 
efficient ones. 
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1 Introduction 

The continuous exploitation of non-renewable resources, such as petroleum and 
mineral resources, not only brings energy crisis but also causes serious environmental 
pollution. Therefore, it is an effective solution to solve the soaring world energy 
demand and global climate crisis to find corresponding alternative energy resources. 
As the cleanest and most abundant renewable energy, solar energy has attracted 
the attention of many researchers. Solar energy mainly converts light energy into 
electric energy and heat energy through photoelectric conversion and photothermal 
conversion. In recent years, solar cells have experienced the first generation (crys-
talline silicon solar cells, the most commonly used monocrystalline silicon thin film 
solar cells, with a maximum conversion efficiency of 24.7%) and the second gener-
ation (thin film solar cells, with a maximum conversion rate of 20.3%). Despite 
their high conversion efficiency, both the first- and second-generation solar cells 
share a common disadvantage that cannot be ignored, namely, on the one hand, they 
cause serious harm to the environment, and on the other hand, silicon processing and 
raw material costs are high. Based on this, the third-generation solar cell–new solar 
cell, while maintaining high conversion efficiency, has gradually become a research 
hotspot with the standard of low cost, rich raw materials, non-toxic, and eco-friendly, 
especially the new perovskite solar cell. 

So far, different types of solar cells, such as polysilicon solar cells, single-crystal 
silicon solar cells, copper indium gallium selenide (CIGS) solar cells, cadmium 
telluride (CdTe)-based solar cells, quantum dot (QD) solar cells, organic photo-
voltaic, and perovskite solar cells have been reported. Specifically, energy conver-
sion efficiency and material cost plays a crucial role in the commercialization of 
solar cells. At present, crystalline silicon solar cells occupy a dominant position in 
the market. However, expensive manufacturing process requirements and expensive 
raw materials have forced researchers to try to find an efficient and low-cost new 
photovoltaic technology. Perovskite materials have attracted much attention because 
of their excellent photoelectric properties, low material consumption, and consid-
erable production cost [1]. The steady progress of research and development in the 
perovskite field has increased the possibility that it can replace existing solar cell 
technology, and it has good prospects [2].

Perovskite is named after the Russian mineralogist L.A. Perovski. The molecular 
formula of the perovskite structure material is ABX3, which is generally a cubic 
or an octahedral structure, and is shown in Fig. 1 [3]. As shown in the structure, 
the larger A ion occupies an octahedral position shared by 12 X ions, while the 
smaller B ion is stable in an octahedral position shared by 6 X ions [3, 4]. The 
crystallographic stability and probable structure of perovskites can be deduced by 
considering a tolerance factor t and an octahedral factor µ, As shown in formula (1), 
and (2) [5], Where, t is defined as the ratio of the distance between A–X and B–X in 
the ideal solid sphere model, which is defined by formula (1), where RA, RB, and 
RX are the ionic radii of the corresponding ions, µ is defined by formula (2). For 
halide perovskite (X = F, Cl, Br, and I), and t is usually in the range 0.81 < t < 1.11.
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Fig. 1 Perovskite crystal structure. Reprinted from Park [3], with permission from Elsevier. 
Copyright (2015)

while µ is in the range 0.44 < µ < 0.90. For a narrow range of 0.89 < t < 1.0, the  
cubic structure in Fig. 1 is likely to exist, and for a lower t value the less symmetrical 
tetragonal or orthogonal structures will exist [6, 7]. For organic–inorganic halide 
perovskite, the larger cation A is organic (methylammonium), and the anion X is 
generally a halogen (I, Br, and Cl), and for high-efficiency solar cells, the B ion is 
generally Pb [8]. 

t = (rA + rX)/(
√
2[rB + rX]) (1) 

µ = RB/RX (2) 

2 Research Status of Perovskite Ceramic Materials 

According to the survey, the PCE (power conversion efficiency) of perovskite solar 
cells increased rapidly from 3.8% to 22.1% in just 7 years from 2009 to 2016 [9]. 
As a new all solid-state planar solar cell, perovskite solar cell has developed rapidly 
because of its advantages of simple preparation process, low cost, and high efficiency.
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In 2009, Kojima et al. [10] first studied the photovoltaic function of organic–inor-
ganic lead halide perovskite compounds CH3NH3PbBr3 and CH3NH3PbI3 as visible 
light sensitizers in photoelectric chemical cells. The nanocentricity self-assembled 
in the mesoporous titanium dioxide (TiO2) film exhibits a strong band gap absorption 
characteristic. Based on CH3NH3PBI3, the spectral sensitivity is as high as 800 nm, 
and the solar conversion efficiency is 3.8%. The battery based on CH3NH3PBB3 has 
a high optical voltage of 0.96 V, and the external sub-conversion efficiency is 65%. 
In 2011, Im et al. [11] formed (CH3NH3) PBI3 quantum dots on the surface of nano-
TiO2. Kim et al. [12] permeated the spiro-MeOTAD hole transport material into the 
perovskite-sensitized nanorods’ film, and improved the power conversion efficiency 
(PCE) to 9.4%. Christians et al. [13] used to successfully realize a predecessor’s 
power conversion efficiency of 6.0%, and they had a good photocurrent stability 
solar cell. Hou et al. [14] reported that the interface between SnO2 and perovskite 
was modified by dopamine, the hydrophilicity of SnO2 increased, the high-quality 
transformation of the perovskite film was promoted, the prepared absorbing inter-
face has achieved 16.65% high-optoelectronic conversion efficiency, the stability 
of the interface and has improved. Tavakoli et al. [15] reported modifications to 
suppress defects in perovskite light harvesting materials. These modifications include 
engineering of the perovskite interface with the electron and hole selective contact 
materials. They introduced a planar SnO2/TiO2 double layer to ensure fast electron 
extraction. To passivate surface trap states, they treated the surface of the perovskite 
facing the hole conductor with iodine dissolved in isopropanol. The modifications 
resulted in retardation of radiationless carrier recombination, increasing the photo-
electric conversion efficiency of the interface to 21.65%, increasing the open circuit 
voltage to 1.24 V, and decreasing the opening voltage loss to only 0.37 V. At the 
same time, the device efficiency at 20, 50, and 65 °C remained 96%, 90%, and 85%, 
respectively, of the initial photoelectric conversion efficiency under continuous light, 
which is one of the most stable perovskite solar devices reported so far. Qi et al. [16] 
treated the mixed perovskite with phenylethyl ammonium iodide (PEAI). The exis-
tence of PEAI passivated and reduced the surface defects of the film. The prepared 
perovskite solar cell achieved a high photoelectric conversion efficiency of 23.6%, 
and the verified steady-state photoelectric conversion efficiency reached 23.32%. 
Tong et al. [17] reported in 2019 that the addition of thiocyanate (GuaSCN) can 
significantly improve the structure and photoelectric properties of Sn–Pb mixed low 
band gap perovskite films. The defect density is reduced by a factor of 10, resulting in 
a carrier lifetime of more than 1 microsecond and a diffusion length of 2.5 microns. 
A series of four-terminal solar cells with a high efficiency of 25%, and two-terminal 
full perovskite polycrystalline thin films of a high efficiency of 23.1% are realized. 
In 2020, the laminated photovoltaic device achieved a bigger breakthrough. Xiao 
et al. [18] added the ion-reducing sulfonic acid (FSA) drug, and zwitterionic antiox-
idant to inhibit Sn2+ oxidation, and passivating the mixed lead–tin perovskite film, 
making the efficiency of monochrome solar cells reach 21.7% (certified 20.7%). The 
entire perovskite series has a certification efficiency of 24.2% in an area of 1 cm2. 
It is currently the highest certified photoelectric conversion efficiency of the global 
calcium titanium mineral cells.
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Because of product instability and human health, researchers are working hard to 
achieve the Pb-free method. The most direct method to achieve a perovskite material 
is to use elements with similar properties (such as Sn, Ge) instead of Pb element. Jokar 
et al. [19] studied organic cation-doped diiodide (EDAI2) and iodide (BAI) as defect 
passivating surface additives to improve device performance and durability of FASnI3 
perovskite solar cells. The addition of BAI significantly changed the orientation of 
crystal growth, and improved the connectivity of grains. The addition of EDAI2 
can cure the pinhole problem, passivate the surface defect states, prevent Sn2+/Sn4+ 

oxidation and induce the slow relaxation of crystal structure. Nishimura et al. [20] 
prepared tin halide PSCs with an efficiency of more than 13% by adjusting the A-
site cation, making its tolerance factor close to 1. The formamidinium cation was 
partially substituted with an ethylammonium cation, and a more stable tin calcium 
ore crystal was obtained, with inhibition of order 1 of trap density. Another way to 
reduce toxicity is to partially replace Pb in perovskite materials. A certain amount 
of Pb-doped tin perovskite can improve the stability and performance, so that Sn–Pb 
mixed perovskite has adjustable band gap, which makes it an ideal light absorbing 
layer for all perovskite laminated batteries [21]. However, the high defect density 
caused by Sn2+ oxidation limits carrier life and charge collection in tin-based titanium 
mine. Lin et al. [22] recently reported a strategy to reduce Sn vacancies in mixed 
Pb–Sn narrow-band gap perovskite in which Sn4+ (oxidation product of Sn2+) is  
reduced to Sn2+ by proportional reaction with metal tin, A monolithic all perovskite 
series cell was fabricated, which obtained 24.8% PCCE certification in small area 
devices (0.049 cm2) and 22.1% PCCE certification in large area devices (1.05 cm2). 
The cell series can still maintain 90% performance after 463 h of operation at the 
maximum power point under full single solar illumination. From the perspective 
of the environment, the use of Pb in perovskite solar cells is still a threat. Partial 
substitution of lead has shown great advantages. In current studies, we must focus 
on the research of Pb device packages and appropriate recycling mechanisms, the 
comprehensive transformation of the perovskite solar cell will enable the photovoltaic 
field to reach a new height. 

3 Perovskite Films and Their Preparation Methods 

Perovskite is a natural calcium titanate mineral, and its chemical molecular formula is 
CaTiO3. Typically, a material having the same crystal structure as CaTiO3 is referred 
to as a perovskite material. In the past few decades, inorganic perovskite oxides and 
halides have been widely studied because of their wide applications in the fields of 
optics, magnetism, electronics, and superconductors [23]. Among them, the research 
of perovskite films in solar cells has attracted great attention. In the early devices, due 
to the poor quality of perovskite films, there are many defects, which not only reduce 
the light absorption performance and photocurrent, but also cause the contact between 
electron and hole transport layer, resulting in the decline of the overall performance. 
The prepared films used in perovskite batteries also have some problems, such as
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low viscosity of precursor solution, low crystallinity caused by fast crystallization, 
and poor contact between substrate and perovskite layer. Therefore, it is crucial for 
the preparation of high-efficiency solar cells to design a simpler, and more effective 
preparation method of perovskite films, adjust the coverage and uniformity of the 
films, and reduce the formation of defect sites [24]. 

With the advancement of technology, optimizing the preparation technology of 
perovskite thin films is a necessary condition for the fabrication of high-efficiency 
devices. Typically, the chemical measurement, crystal phase, and grain structure of 
fine control materials are needed to prepare an efficient perovskite solar cell. Since 
these properties can be controlled by the preparation method, a large number of 
studies have been carried out on the development of thin film deposition techniques. 
In the evolution process of perovskite solar cells, four main deposition methods are 
studied, as shown in Fig. 2, which are one-step dissolution process, two-step disso-
lution process, steam-assisted dissolution process, and thermal evaporation process 
[25–28]. In addition, in order to improve the quality of perovskite films and improve 
the efficiency of perovskite batteries, researchers have put forward more advanced 
film preparation technologies after continuous exploration.

3.1 One-Step Deposition Method 

One-step deposition is the earliest technique for preparing perovskite solar cells. 
Because of its simplicity and low cost, it is the most widely used technique. Chien 
Huang Chiang et al. [30] developed a one-step hot solution spin coating method to 
prepare high-quality mixed halide perovskite films. High-quality thin films can be 
prepared by a simple one-step method with an efficiency of over 16% [31]. However, 
due to the low surface coverage of perovskite film prepared by one-step solution 
deposition method, and micropores will occur in the film during the preparation 
process, which will affect the quality of the film, this method has been gradually 
replaced by subsequent preparation technologies. 

3.2 Two-Step Solution Deposition Method 

The perovskite film prepared by one-step deposition method has poor surface 
coverage and inevitable non-uniformity. In order to overcome this problem, Burschka 
et al. [26] developed a two-step solution deposition method based on Mitzi et al.’s 
[10] pioneering work to prepare uniform MAPBI3 films on the MP-TiO2 layer. The 
gas-assisted solution method was developed into an improved two-step solution depo-
sition method, and methylammonium iodide (MAI) was introduced on the basis of 
gas-phase deposition. Chen et al. [27] prepared homogeneous conformers methy-
lammonium lead iodide CH3NH3PbI3 (MAPBI3) films with high phase purity by 
the two-step deposition technique. Heping Shen and his team used the improved
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Fig. 2 The four main deposition methods to prepare perovskite (calcium titanium mine) film. a One-
step dissolution process. b Two-step dissolution process. c Steam-assisted dissolution process. 
d Thermal evaporation process. Reprinted from Watthage et al. [29], with permission from Elsevier. 
Copyright (2018)
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two-step deposition method to obtain a large area of high-quality perovskite film. 
The prepared film has less pinholes and good uniformity. The residue of PbI2 in 
perovskite films prepared by this method is the minimum [32]. Julian Burschka et al. 
prepared perovskite thin films by two-step deposition method and achieved about 
15% power conversion efficiency (measured under standard AM1.5G test conditions 
on solar energy). This two-step approach will provide new opportunities for the 
manufacture of processed photovoltaic cells. It has unprecedented energy conver-
sion efficiency and high stability, which is equivalent to or even higher than the best 
thin-film photovoltaic devices today [26]. 

3.3 Vapor-Assisted Solution Deposition 

In an improvement of the two-step solution deposition method, the successful prepa-
ration of perovskite films can be realized by vapor deposition technology. This 
method can better control the morphology and grain size through gas–solid crys-
tallization, and effectively avoid the possible film delamination in the process of 
liquid–solid interaction. In addition, the perovskite films prepared by this prepara-
tion technology have the characteristics of uniform surface coverage, large grain 
size, and high conversion efficiency. Chen Qi et al. demonstrated the preparation of 
perovskite films and planar geometry photovoltaic devices by vapor-assisted solu-
tion method (VASP). The formed perovskite films have the characteristics of full 
surface coverage on the substrate and have a significant grain size on the microscale 
[27]. However, due to the long gas–solid reaction time and the low efficiency (only 
10–12%) of devices prepared by this method, the use of this method is limited. 

3.4 Low Pressure-Assisted Solution Method 

Low pressure-assisted solution method is a recently developed method for the prepa-
ration of perovskite films. A high-quality double perovskite film Cs2AgBiBr6 can 
be prepared using this technology, which has excellent thermal stability and envi-
ronmental stability. The optimum PCE of the Cs2AgBiBr6 film is 1.44% under 
AM1.5 (100 mW cm−2) light, which is the highest efficiency of Pb-free high-stable 
perovskite solar cell at that time. 

The preparation process of the perovskite film determines the use of the perovskite 
film. Different requirements for battery equipment require different preparation 
processes. With the advancement of commercialization and technology, a large 
number of more efficient preparation processes will emerge.
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4 Factors Affecting the Stability of Perovskite Solar Cell 

The efficiency of perovskite solar cells is increasing because of their excellent photo-
electric performance, but the stability is the key factor for the commercialization 
of perovskite solar cells. The current research results show that the main factors 
affecting their stability include electron transport materials in solar devices; hole 
transport layer materials in devices; environment, such as humidity, temperature, 
etc. 

4.1 Electronic Transmission Layer Material 

Electronic transport layer (ETL) materials refer to materials that accept and 
transmit negatively charged electronic carriers, a semiconductor material (i.e., N-type 
semiconductor) has a higher electron affinity and is commonly used as ETL. 

The ideal ETL should have the following factors: (1) The frontier orbits of 
molecules in ETL should match the conduction and valence bands of perovskite 
layers; (2) High Electron Mobility; (3) The solubility of ETL in the orthogonal 
solvent is much higher than the perovskite layer to prevent damage of the Perovskite 
layer after spinning; (4) Full film coverage; and (5) Ability to passivate defects in 
perovskite layers. 

Electrons in the perovskite layer are transferred to ETL, which is usually collected 
by metal electrodes [33]. An important feature of ETL is that it can be aligned with 
the perovskite. For the perovskite layer to be able to absorb light effectively, its 
UV–visible transmittance must be high [34]. 

4.1.1 Metal Oxide Electron Transport Layer Material 

The electron transport layer of perovskite solar cells studied at present mostly refers 
to the commonly used TiO2 in dye-sensitized solar cells [26, 28]. In order to increase 
the growth reaction speed of perovskite materials, TiO2 thin films with high specific 
surface area are usually prepared using nano-sized TiO2 particles. Dense titanium 
dioxide can transfer electrons, which is beneficial to both enhancing the light absorp-
tion inside the solar cell and improving the conductivity of electrons. However, the 
porous TiO2 is easily affected by ultraviolet light, which directly causes a decrease 
in solar cell efficiency [35]. To avoid the inherent defect of porous titanium dioxide, 
porous titanium dioxide can be replaced or modified with other materials [36]. 

Snaith et al. [37] Replaced porous TiO2 with porous Al2O3, thus avoiding its 
inherent instability. There is still a stable photocurrent when the solar cell is irradiated 
with the whole solar spectrum for more than 1000 h. The prepared solar cell has good 
stability and can maintain the original efficiency of nearly 90% after being exposed 
to air for 500 h without packaging [38].
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SnO2 is another well-known ETL material because of its high transparency, elec-
tron mobility, and wide band gap [39]. As a perovskite ETL material, SnO2 can 
be stable in ambient air for 30 days after low-temperature treatment [40]. Low-
temperature atomic layer based on SnO2 is relatively better than TiO2 [41]. WO3 

has good stability and can resist acid corrosion, which has higher mobility than TiO2 

[42]. 

4.1.2 Organic Electron Transport Layer Materials 

Organic electron transport layer materials can be divided into two categories: The 
first one is n-type organic small molecules, including naphthalene diimide (NDI) 
and fullerene derivatives: [6]-phenyl-C61-butyric acid methyl ester (PCBM), etc., 
and the second category is n-type conjugated polymers. Due to the advantages of 
easy synthesis and purification, adjustable frontier molecular orbital, high electron 
mobility, low cost, and good chemical/thermal stability, these materials have become 
a promising ETL material in inverted perovskite solar cells (p–i–n PSC) [43]. Due 
to the reliability of PCBM as ETL material, Snaith and colleagues demonstrated 
the experiment of PCBM as ETL material to explore the charge diffusion length in 
MAPbI3 for the first time [37]. In addition, Lam and colleagues used PCBM as ETL 
to understand the origin of high performance of MAPbI3 solar cells, and found that 
PCBM plays a decisive role in inhibiting the migration of halide ions from perovskite 
layer through halide-π non-covalent interaction [44]. 

4.1.3 Composite Electron Transport Layer Material 

The material using more than one different material as an electron transport layer is 
classified as a composite material. 

Taking TiO2(compact)/Al2O3(mesoporous) electron transport layer as an 
example, trihalide permeates into the Al2O3 nanoparticles skeleton with a thick-
ness of about 400 nm, which can improve the uniformity of perovskite film and 
inhibit the leakage caused by the appearance of pinholes [45]. Electrons are trans-
ported to the dense TiO2 electron transport layer in the calcium titanium ore body 
along the surface of the Al2O3 nanoframework [25], Using Al2O3 instead of TiO2 as 
nanoframework can reduce the sintering temperature to 150 °C and obtain devices 
with an efficiency of 10.9%. 

Abrusci et al. [42] introduced benzoic acid substituted C60 self-assembled mono-
layer as a modified layer on the surface of TiO2 framework, which significantly 
improved the electron collection efficiency, and increased the photoelectric conver-
sion efficiency of the solar cell to 11.7%. The coating layer can act as a barrier to 
prevent or reduce exciton recombination, thus reducing the degradation of perovskite 
material on porous TiO2 surface and making the device more stable. Ito et al. [46] 
prepared a layer of Sb2S3 on TiO2 layer by chemical deposition method, which
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improved the efficiency and photostability of the solar cell in the form of interfa-
cial barrier layer. Under the same conditions, the device covered with Sb2S3 barrier 
retained 65% of the original efficiency after 12 h [47]. 

Wang et al. [48] used graphene/TiO2 nanoparticle composites as the electron 
transport layer. Because graphene has the characteristics of high conductivity and 
its work function (WF) lies between those of Fluorine-doped Tin Oxide) (FTO) and 
Titanium dioxide (TiO2), the electron transport performance is greatly improved, and 
the photoelectric conversion efficiency of the solar cell is as high as 15.6%. In addi-
tion, Zhou et al. [49] doped yttrium in TiO2 to obtain 19.3% planar heterojunction 
perovskite solar cells. In addition to the above-mentioned improvement of the perfor-
mance of perovskite solar cells by doping to obtain composite electron transport layer 
materials, Table 1 lists some examples of metal ion doped ETL materials. 

Table 1 Metal ion-doped ETL materials for perovskite solar cells. Reprinted from Rao et al. [50], 
with permission from Elsevier. Copyright (2021). 

Metal doped ETL Deposition technique JK (mA cm) V c (V) PCE (%) 

Mg–TiO, natiorod Microwave-assisted 
hydrothermal method 

10.4 0.S02 4.17 

Nb–TiOj Spray pyrolysis 18.08 0.880 10.26 

Nb–TiOs nanoiod Hydrothermal 16.50 0.87 7.5 

Al–Ti02 Spin coating 20.0 1.07 13.8 

Mg–Ti02 Spin coating 18.34 1.08 12.23 

Zr–TlO Spin coating 14.4 0.93 9.1 

Mg–TiOa Dip coaling 21.48 1.09 17.65 

Cs–TlO Spin coating 14.4 0.64 5.26 

Nd–TiOa Spin coating 22.3 1.133 18.2 

Li–Ti02 Spin coating 23 1.114 19.3 

Ta–TlO Spray pyrolysis 19.01 1.01 13.76 

Nb–TiOa 19.10 l.00 13.81 

Sm–TiO2 Spin coating 18.07 1.04 13.1 

Nb–TiO2 Spin coating 22.25 1.08 16.96 

Za–TiOj Spin coating 22.3 0.95 14 

Nb–TiOz Chemical bath 
deposition 

22.86 1.10 19.23 

P.ii–Ti02 Spray pyrolysis 21.91 0 994 15.7 

Sn–TlO Co-electrodeposition 20.84 1.072 16.83 

Ce–TiO2 Hot-bach deposition 21.95 1.07 15 

Co–TlO Spin coating 24.078 1.027 15.75
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4.2 Hole Transport Layer Materials 

Hole transport layer (HTL) is another important component of PSC. As a hole trans-
port layer, HTL must meet the following conditions: (1) Highest occupied molecular 
orbital (HOMO) energy level should be higher than the maximum value of valence 
band of perovskite material, so as to transport holes from perovskite layer to metal 
electrode; (2) It has high conductivity, which can reduce the series resistance and 
improve the Fill factor (FF); (3) The HTL layer and the calcium–titanium layer need 
to be in close contact [51]. The selection of HTL has a significant impact on the 
stability of PSCs. It is reported that the presence of HTL promotes better coverage 
of perovskite compared with transparent conducting oxide (TCO)/perovskite/metal 
[52, 53]. The use of hole transport layer (HTL) material has preliminarily solved the 
problems of instability and difficult packaging of liquid electrolyte perovskite solar 
cell. 

4.2.1 Organic Hole Transport Layer Materials 

Generally speaking, organic materials not only have good film-forming prop-
erties, but also have excellent hydrophobic properties, which can effectively 
block the erosion of water vapor to perovskite materials. Therefore, in order 
to solve the stability problem of perovskite solar cells, Kim et al. introduced a 
solid-state hole transport layer material (spiro-OMeTAD [2,2',7,7'-tetrakis(N,N-
di-p-methoxyphenyl-amine)9,9'-spirobifluorene]) into perovskite solar cells and 
prepa.red the first all-solid-state perovskite solar cells in 2012, with an effi-
ciency of 9.7%. The results show that even without packaging, the efficiency 
attenuation of the solar cell is still very small after 500 h of operation [54]. 
In addition, the development of hole transport system with non-lithium salt 
additives will help to improve the stability of devices [35]. As a hole trans-
port layer, poly[2,5-bis(2-decyldodecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione-
(E)-1,2-di(2,2'-bithiophen-5-yl) ethene] (PDPPDBTE) polymer can almost main-
tain the initial efficiency after being exposed to air for 1000 h without 
packaging [55]. Organic materials such as PTAA (poly[bis(4-phenyl) (2,4,6-
trimethylphenyl) amine]) and PEDOT: PSS (poly(3,4-ethylene dioxythiophene): 
polystyrene sulfonate) polymer can also effectively isolate water vapor infiltration 
and improve system stability and other properties. 

Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) is a widely used amor-
phous polymer. It has been reported that by using PTAA as HTL to manufacture PSC, 
the PCE of solar cell is more than 20%. Zhao et al. [56] used undoped PTAA as HTL, 
tried PTAA with different molecular weights, analyzed its influence on perovskite 
layer deposition, and obtained 18.11% PCE. Their work shows that undoped low 
molecular weight PTAA can easily develop efficient PSC, which will contribute 
to the development of commercial PSC. PEDOT:PSS is a water-soluble polymer 
HTL material with a HOMO energy level of −5.5 eV [50]. PEDOT: PSS as a hole
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conductor has been widely used in inverted PSCs to obtain high PCE. However, 
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) will degrade 
PSCs due to its low electron blocking ability and poor chemical stability caused by 
moisture absorption [57]. Wang et al. [48] modified the surface of PEDOT: PSS with 
sodium citrate (Na3C6H5O7), which removed part of polystyrene sulfonate (PSS) on 
the surface of PEDOT: PSS and helped perovskite crystallize in a larger area. In order 
to reduce the acidity of its PSS group, PEDOT: PSS was treated with ammonia, which 
not only improved the performance of the corresponding PSC but also enhanced the 
crystal structure of perovskite films. The lower hole transport efficiency of PEDOT: 
PSS will lead to the imbalance of charge transport in PSC and eventually lead to 
hysteresis. The surface treatment of PEDOT: PSS with ethylene glycol and methanol 
will help to reduce the influence of PSS weak ion conductor, enhance the size of 
perovskite crystal domain. 

4.2.2 Inorganic Hole Transport Layer Materials 

Inorganic hole transport layer (HTL) materials have become popular selective contact 
materials because of their inherent chemical stability and low cost. Inorganic HTL 
materials have the characteristics of appropriate energy levels and high carrier 
mobility. They can not only assist charge transport but also improve the stability 
of PSCs under environmental conditions [57]. 

The application of copper (I) oxide (Cu2O) as inorganic HTL in PSCs has 
been proved to improve the stability of devices stored in glove boxes [58, 59]. In 
2016, it was reported that n–i–p heterojunction solar cells composed of FTO/TiO2/ 
CH3NH3PbI3−xClx/Cu2O/Au existed stably at room temperature for 2 months, and 
the initial efficiency of the device was 90% [60], Fig. 3 shows the structure of an 
n–i–p solar cell.

Copper(I) iodide (CuI) has high hole mobility and good solubility in organic 
solvents. It is a good candidate material for inorganic HTL materials [62]. The device 
made of inorganic compound CuI as the hole transport layer is exposed to continuous 
light in the air for 2 h without package, and the current basically remained unchanged 
[63]. Moreover, when CuI is used as the hole transport layer, its efficiency is reduced 
and it can be recovered. After being placed in the dark for a period of time, its 
efficiency can basically return to the initial value. Nickel oxide (NiOx) HTL, which 
is widely used in PSCs, also shows good stability. In 2015, Nejand et al. [64] found 
that the long-term durability of NiOx storage in the environment was proved to be 
2 months when applied to equipment as HTLs.
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Fig. 3 The n–i–p perovskite Solar cell structure. Reprinted from Azri et al. [61], with permission 
from Elsevier. Copyright (2019)

4.3 Environmental Factors 

In addition to the influence of electron transport layer (ETL) and hole transport layer 
(HTL) on the stability of PSCs, there are also environmental factors, such as humidity 
and temperature, which can not be ignored [65]. 

4.3.1 Humidity 

The degradation of perovskite layer is a chemical process, because perovskite mate-
rial is very sensitive to water and has polarity, so it is easy to cause hydrolysis 
in humid environment. Studies have shown that when CH3NH3PbI3 is exposed to 
humid environment, PbI2, CH3NH2I3, and HI will be formed. In the process of 
perovskite degradation, Walsh et al. [66] combined water molecules (as Lewis base) 
with perovskite chemistry, received an H+ from ammonium and degraded it through 
an intermediate step. The intermediate is degraded to CH3NH2, HI, and finally, PbI2, 
in which HI and solid PbI2 are dissolved in water. The decomposition of PbI2 leads 
to further toxicity. CH3NH2 is a polar organic compound, so it is highly volatile and 
soluble in water [26, 66, 67]. 

The greater the air humidity, the worse the stability of perovskite solar cells. As 
shown in Fig. 4, an experimental device designed by researchers is used to control 
and measure the relative humidity of the film. The facility is considered essential for 
effective degradation studies.
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Fig. 4 Schematic representation of the system used to control relative humidity. Reprinted from 
Wang et al. [68], with permission from Elsevier. Copyright (2016) 

4.3.2 Temperature 

According to international standards, PSCs need to be stable at 85 °C for a long 
time in order to compete with silicon solar cells. Temperature is one of the important 
parameters that determine the overall efficiency of PSCs. In general, solar cells must 
be able to work in hot climate [50]. 

Leong et al. [69] studied the performance of m-TiO2 based PSCs in the temper-
ature range of 80–360 K to study the relationship between temperature and device 
performance. When T < 330 K, the efficiency shows an increasing trend, while when 
T > 330 K, the efficiency decreases significantly. 

Under light and high temperature, the degradation of PSCs strongly depends on 
the composition of halide perovskite. For example, MAPbI3 decomposed signifi-
cantly when exposed to sample temperatures of 45–55 °C, while MAPbBr3 did not. 
The stability of PSCs can be further improved by introducing transparent contact 
agents and strong perovskite components. After 160 h of continuous operation under 
nitrogen environment and light conditions at 85 °C, PSCs showed an initial efficiency 
of more than 90% [70]. 

Perovskite solar cells have developed rapidly in the past decade, and their effi-
ciency has increased from 3.8% to 23.3%. In the practical application process of 
perovskite solar cells, in addition to improving the photoelectric conversion effi-
ciency of the cells, the stability of the cells can be continuously improved by finding 
suitable materials and optimizing the preparation method of perovskite film. In addi-
tion, the preparation of large-area perovskite thin films is still an important factor 
restricting the large-scale and commercialization of perovskite solar cells. Therefore,
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the research and preparation of reliable, stable, and efficient perovskite solar cells are 
still a systematic, multidisciplinary, and complex project, which requires constant 
investment of funds and unswervant determination of researchers. 

4.3.3 Other Factors 

For perovskite solar cell devices, it is very necessary to understand device attenua-
tion mechanism and optimize its stability under the premise of high efficiency. The 
influencing factors of perovskite stability are complex, In addition to temperature and 
humidity, light irradiation [71] (ultraviolet light), oxygen and the presence of elec-
tric field can cause degradation of perovskite solar cells, thus reducing their stability. 
In addition, the structure and performance of perovskite solar cells also affect their 
stability. Therefore, the selection of appropriate devices and reasonable packaging 
of perovskite solar cells are very critical to improve their stability [71, 72]. 

5 Industrialization and Challenges of Perovskite Solar Cells 

In recent years, the energy conversion efficiency of perovskite solar cells has become 
comparable to that of conventional commercial solar cells. Due to their light weight 
and low production cost, perovskite solar cells have gradually replaced traditional 
solar cells, and many improvements are expected to break through higher efficiency. 
However, despite the promotion of further development of photovoltaic technology, 
the realization of large-scale production and commercialization of the perovskite 
solar cell, there are still some problems to be solved. 

On the one hand, solar cells must have the ability to operate in harsh environments 
such as high humidity, high temperature, strong light, and changeable weather to 
adapt to different conditions. In order to successfully realize the commercialization 
of perovskite solar cell technology, scientists are committed to solving several funda-
mental problems: (1) Controllable growth and deposition of thin film materials; (2) 
High stability and long life; (3) Scale and repeatability; (4) Low toxicity; and (5) 
Low cost. 

With low surface roughness and low density of structural defects, large-scale 
perovskite films are critical for industrial applications. A large number of researchers 
are committed to developing various film deposition technologies, including spin 
coating, dip coating, and spray deposition. The most widely used method for low-
cost deposition of high-quality perovskite films is spin coating. However, this method 
could not achieve large-scale production because it is difficult to obtain large-area 
uniform films. The chemical vapor deposition can not only achieve a large area of 
film deposition but also eliminate the need for toxic organic solvents, which is a 
very developing film preparation process [73]. Wang et al. [74] introduced buty-
lammonium cation into the mixed cation Pb mixed halide FA0.83CS0.17Pb (Br1-y)3 
to obtain a three-dimensional perovskite structure, which resulted in a considerable
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power conversion efficiency in the produced perovskite solar cell. It can maintain 
high stability in an analog illumination environment. Grancini [75] designed a 2D/ 
3D perovskite structure, which not only achieved a high power conversion rate of 
22% but also made an outstanding contribution to the improvement of the stability 
and conversion efficiency of perovskite solar cells. 

The environment such as temperature, humidity, oxygen, etc., will cause the rapid 
aging of solar cells. Attempts have been made to adapt perovskite processing and 
solar cells to ambient humidity for mass production. Doping perovskite with halide 
ions, increasing hydrophobicity and interface modification are the main methods to 
make perovskite solar cells compatible with environmental humidity. In addition, 
proper packaging of the cell can effectively reduce the aging speed of the solar cell 
and improve its service life. Packaging technology can not only avoid the harm caused 
by Pb toxicity but also effectively improve the stability of the solar cell. Hashmi et al. 
[76] sealed the solar cell with epoxy glue and confirmed that the encapsulated solar 
cell still maintained good stability after the 1002 h aging test. This study shows that 
the commercial market prospect of perovskite solar cells is very considerable. 

All customers, manufacturers, and investors are very concerned about the toxi-
city and safety of Pb-containing photovoltaic equipment. The toxicity of Pb has 
brought great limitations to the development of perovskite solar cells. In recent years, 
researchers have developed lead-free alternatives after extensive research. slavney 
et al. [77] combined non-toxic Bi3+ into the perovskite lattice of CsAgBiBr6 using 
a double perovskite structure, which improved the thermal and wet stability of the 
material. However, we must admit that Pb-free materials are not perfect in the field 
of perovskite solar cells because the performance of these devices is still not enough 
to meet the needs of industrial commercialization. 

In addition, since the perovskite layer plays a decisive role in the solar cell struc-
ture, measurements often were taken to improve the efficiency and stability of the 
solar cell include (1) Optimization of the preparation method of perovskite films; (2) 
Changing the chemical composition of the solar cell; and (3) Improving the electron 
transport layer and hole transport layer to better separate electrons and holes and 
smoothly reach the two poles to form current, so as to improve the stability of the 
solar cell and improve its service efficiency. 2D perovskite thin films have strong 
light absorption in the visible region and strong photoluminescence properties at 
room temperature. As a perovskite solar cell material, it can maintain its perfor-
mance even under long-term exposure in high humidity environment [78]. Since the 
solar cell can be dismantled, timely recycling of the main components of the solar 
cell can not only save raw materials and production time, but also reduce the pollu-
tion of solid waste to the environment [79], According to the investigation, the Pb 
concentration in perovskite solar cells is as high as 0.55%, and the recovery of Pb 
solved the great problem caused by the toxicity of Pb components [80]. As shown in 
Fig. 5, Lichong et al. [81] recovered Pb from lead acid batteries for the preparation 
of perovskite films, which reduced lead pollution to the environment and greatly 
reduced resource waste.

The life cycle of a solar cell consists of four parts: raw materials, module manu-
facturing, module operation, and processing, which together constitute the entire
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Fig. 5 Schematic diagram of lead recovery from a lead-acid battery. Reprinted from Li et al. [81], 
with permission from Elsevier. Copyright (2019)

life cycle of electronic equipment. When discussing the application and commer-
cialization of equipment in reality, it is particularly important to comprehensively 
consider each step. Therefore, in addition to finding suitable materials as raw mate-
rials for batteries and solar cells, many factors such as battery/solar cell manufacturing 
cost, preparation process, and the impact of residues on the environment should be 
considered comprehensively. 

6 Conclusion and Outlook 

As a new generation of green cells, perovskite solar cells have gradually replaced 
crystalline silicon solar cells and occupy a certain position in the solar cell market. 
Since 2009, perovskite solar cells have developed rapidly because of their simple 
preparation process, rich raw materials, low cost, and environment-friendly. Organic– 
inorganic perovskite type light absorbers have made great progress in the past decade. 
The power conversion efficiency of single-junction solar cells using perovskite light 
absorbers has reached more than 25%. Some researchers even reported how to adjust 
the subsequent film thickness and performance to achieve an efficiency of more than 
30%. During the development of perovskite solar cells, it has been found that the 
metal Pb in the solar cells is toxic and pollutes the environment, and the existence 
of Pb composition will also affect the stability of the cells. Therefore, improving the 
stability of solar cells and promoting the green and sustainable development of the 
solar cells are very important for the large-scale production and commercialization 
of the cells. Based on this, a large number of studies are devoted to the modification 
and interface modification of perovskite and the search for alternative materials. 

Compared with other photovoltaic technologies, PSCs have a huge impact on 
global energy production. With their simple production process and low material 
cost, PSCs have made significant progress in conversion efficiency, achieved high 
efficiency in the laboratory, and will continue to mature with increased stability.
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While achieving high efficiency, solving the problem of solar cell stability is very 
important to realize the practical application of high-efficiency PSCs. Although there 
are some limitations in the development of perovskite solar cells. Perovskite cells 
are still a kind of rapid development and great potential solar cells in the present 
and near future for a long time. We believe that with the continuous innovation of 
technology, perovskite solar cells will break through a series of problems currently 
facing, solve the energy crisis and environmental pollution problems, and achieve 
full coverage of new energy solar cells in the future. 
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Advanced Ceramics (Self-healing 
Ceramic Coatings) 

Ali Shanaghi, Paul K. Chu, Ali Reza Souri, and Babak Mehrjou 

Abstract Advanced ceramics have many commercial applications due to the 
high corrosion resistance and mechanical properties, but their implementation is 
frequently compromised by inherent defects including holes, pores, and micro-
cracks. The number of coating defects can be reduced by using corrosion inhibitors 
since the corrosion products help to repair the defects. Small cracks and crevices, of 
which the internal sources are indistinguishable, can proliferate leading to sudden 
failure. Therefore, it is essential to develop techniques to identify and monitor cracks 
so that preventive measures can be taken if the cracks are short and remediable, 
or a self-healing mechanism can be implemented to enable automatic repair. In 
this respect, non-automatic repair requires that the defects are first identified, but 
the process can be difficult and costly. From the perspective of thermodynamics, 
a system away from thermodynamic equilibrium can be combined with a thermo-
dynamic recovery force such as penetration to return the system to equilibrium. 
In fact, the regenerative power reduces the entropy to assist the repair processes. 
Therefore, self-repairing coatings are of great importance and have been progressing 
gradually from the laboratory to industrial adoption. For example, ceramics-based 
self-healing coatings containing inhibitors such as organic benzotriazole (BTA) have 
attracted much interest. Here, different formats of ceramics-based self-healing coat-
ings including titania, zirconia, titanium–alumina, and zirconia–alumina incorpo-
rated with benzotriazole (BTA) as an inhibitor are described together with the fabri-
cation processes. By releasing the benzotriazole from titania–alumina–benzotriazole 
coating, the vulnerable locations for corrosion would be confined and a protective 
layer is fabricated to enhance the corrosion resistance of the Al 2024 alloy. The 
amount of BTA plays a vital factor regarding the self-healing efficiency and slow 
release of BTA is observed to produce the optimal self-healing ability. Titania– 
alumina coating with 3.6% benzotriazole, provides 76% protection efficiency and the
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self-healing behavior of the coating is confirmed by investigating the impedance with 
immersion time. Moreover, in the ZrO2–Al2O3–benzotriazole coating, by reaction 
of oxygen and benzotriazole and subsequently formation of corrosion byproducts, 
the corrosion resistance and the cathodic reactions would be enhanced and delayed, 
respectively, lead to an improvement in the properties of double layer. The hard-
ness and elastic modules and plastic deformation of the ZrO2–Al2O3–benzotriazole 
coating, decreased and increased, respectively, compared to the coating without the 
presence of benzotriazole and moreover, the adhesion is the dominant mechanism of 
wear. 

Keywords Self-healing coatings · Inhibitors · Corrosion resistance ·
Nanomechanical properties 

1 Definition of Self-healing 

The term “self-healing” in materials science means spontaneous repair of the basic 
properties of materials after destruction in the external environment. Self-healing is 
possible in two ways, namely, (1) voluntary (automatic) or without any external inter-
ference or (2) involuntarily or with the help of external factors. In some cases, external 
factors such as the temperature, radiation, pH, pressure, and/or mechanical agents are 
needed to initiate and maintain the self-healing actions. Some materials have indi-
rect self-healing properties and self-healing materials must be able to repair damage 
without external forces. At present, self-healing is considered only as mechanical 
recovery by means of crack repair, but it can be defined as the situation where the 
small holes and cavities can also be repaired alongside the cracks [1–7]. There are 
several general means to design self-healing materials: (1) Release of healing agents, 
(2) Reversible cross-linking, and (3) Exploiting the effects of electrohydrodynamics, 
conductivity, shape memory effects, nanoparticle migration, co-precipitation, and so 
on. At present, release of healing agents in the form of particles embedded in the 
matrix is the most common approach. 

2 Release of Healing Agents 

Corrosive agents like monomers and catalysts are embedded in the materials during 
production and if there are cracks, these agents in the reservoirs move to the cracks via 
capillary force. By the presence of catalysts, they solidify and repair the cracks. This 
process takes place spontaneously without the need for an external force because the 
driving force leads to automatic movement and propagation. One of the important 
methods to embed restoration agents in the matrix is the introduction of micro-
reservoirs. Micro-reservoirs retain the solid particles, liquid, or gas droplets in the 
inner shells that separate and protect them from the surrounding environment [8–14].
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3 Principles and Mechanisms of Self-healing in Ceramic 
Structures 

Advanced ceramics such as titania, alumina, zirconia, and composites have many 
desirable characteristics such as the high-temperature stability, robust strength, high 
corrosion resistance, special and unique magnetic and electrical properties including 
piezoelectricity, superconductivity, insulating/semiconducting properties, and so on, 
which appeal to the industry. In manufacturing of industrial parts, properties such 
as strength, wear resistance, and anti-corrosion properties are very important. For 
example, in the chemical industry, strong resistance to acids and other corrosive 
substances is essential. In the aerospace industry, the heat resistance is critical 
and in the electronics and communication industry, optical and electrical proper-
ties are crucial. In recent years, the widespread use of ceramic materials in the elec-
tronics industry, medical technology, and automotive industry has spurred significant 
development of advanced ceramics as well as ceramic coatings. 

Ceramic materials such as alumina, titania, and zirconia have many commercial 
and practical applications owing to the high corrosion resistance and mechanical 
properties, but failure can occur due to imperfections including holes, pores, and 
micro-cracks. Owing to micro-cracks, coatings may lose the protective properties 
with time. Micro-cracking is initiated by thermal, chemical, and mechanical stress 
or fatigue, and loss of protective properties exposes the underlying metals leading to 
corrosion. Repair and replacement of traditional coatings requires physical interven-
tion and so the concept of self-healing has raised enormous interest. Ceramic struc-
tures are brittle and can break abruptly. In fact, the fracture toughness of ceramics is 
not an inherent strength and depends on the fracture toughness and crack geometry. 
Stress concentration initiated by an applied force can cause crack expansion and frac-
ture at stress level below the fracture stress. In general, two types of surface defects 
are considered: (1) micro-cracks, cavities, and pores created during production and 
heat treatment and (2) micro-cracks and cavities caused by penetration of corrosive 
ions in the corrosion process. 

If the small surface cracks, cavities, and pores can be repaired, the strength of the 
ceramic structure and corrosion resistance can be boosted significantly. According to 
the types of defects, there are different mechanisms pertaining to the heat treatment 
in order to repair cracks during production of ceramic materials [15, 16], namely 
re-sintering, relaxation of the tensile residual stress at the indentation site, and crack 
bonding by oxidation. The common failure mechanisms in ceramic coatings are 
(1) nucleation and instantaneous failure of the materials and (2) nucleation, crack 
development and propagation, and delayed failure. To repair cracks by penetration of 
corrosive ions, the use of healing agents and creation of corrosion products at defects 
and cavities are effective. In general, it is necessary to restore the strength of the area 
by the following means [17–23]: (1) repair done simultaneously with cracking, (2) 
complete filling of the volume between the crack walls and products, and (3) creating 
sufficient bonding strength between the products and crack walls.
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In a system deviating from the thermodynamic equilibrium, a thermodynamic 
recovery force such as penetration can revert the system back to equilibrium. In 
fact, the recovery force raises the local entropy to help the healing process. For 
example, creation of a supersaturated solid solution leads to the establishment of 
semi-stable but non-equilibrium conditions. Failure and rupture due to defects such as 
cracks and so on destabilize the semi-stable conditions to move toward equilibrium. 
Therefore, coatings have the ability to self-heal when they are in the semi-stable 
state before surface defects, mechanical damage, or penetration of corrosive agents 
occur. Two mechanisms can be considered: (1) self-healing through supersaturated 
solid solutions of the active elements and (2) self-healing through the reaction of 
monomers and inhibitors in the coatings. 

Surface defects, mechanical damage, and corrosive agents can move the coatings 
from the semi-stable state to the stable state, which is the same as performing a chem-
ical reaction and creating chemical products to repair defects. Recent advances in 
surface engineering have revealed new avenues to construct active surfaces consisting 
of a host (inactive) and guest (active) structure. This can be done by inserting the 
active component into the layered structure so that the inactive component layers 
contain the active components (such as inhibitors) or by forming tanks (capsules) on 
the micro- or nano-scale in the coatings to store the active components. 

4 Thermodynamics of Healing Processes in Coatings 

Destructive processes such as wear, corrosion, fatigue, failure, and creep often 
involve reactions with different characteristics and different hierarchies on the macro-
, micro-, and nano-scale that occur naturally in the system. Friction and abrasion 
(including contact of abrasive and coarse particles with the micro-, macro-, and 
nano-dimensions), capillary action, adhesion, chemical bonding [24], and corrosion 
processes involve different anodic and cathodic ones on the macro-, micro-, and 
nano-scale. In most cases, these reactions produce irreversible energy loss but in 
some cases, entropy production at one level such as macro-scale may offset that at 
another level. Since the processes are independent of the different levels and entropy 
is a function of the state, the net entropy can be expressed as the sum of the entropies 
of the system as shown by Eq. (1) [25]:

ΔSnet = ΔSmacro + ΔSmicro + ΔSnano (1) 

For example, a homogeneous solid structure, in which the micro-/nanosurface 
corresponds to atomic vibrations in the crystal lattice, porous structure, grains, 
defects, and dislocations on the micro-scale, can be considered. A defect-free single 
crystal has lower entropy (ΔSmicro) than a defective structure. Larger defects such 
as cracks and voids are considered in macro (ΔSmacro) components and so materials 
with regular microstructures or surfaces with distinct textures have smaller entropy 
(ΔSmacro) than micro-structured materials which have irregularities or surfaces with
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different textures [25] for defect repair. In fact, it is assumed that macro-scale defects 
such as cracks and cavities have additional entropy (ΔSmacro). The healing process 
can be accomplished by releasing self-healing agents and breaking the microcap-
sules. Rupturing microcapsules decreases the microstructural order and increases
ΔSmacro. When |ΔSmacro| < |ΔSmicro|, the healing process is gone with a decrease in 
entropy on the macro-scale and an increase in entropy on the micro-scale. There-
fore, according to the macro-scale curing process, the net entropy is equal to the 
entropy on the macro-scale: ΔSnet = ΔSmacro. Increasing the order of the structure 
and decreasing the entropy on the macro-scale can be accompanied by increasing the 
entropy on the smaller micro- or nano-scale. The structure becomes more orderly, 
although increased loss and excess entropy on the nano-scale occur each time when 
grain boundaries propagate [25]. 

5 Advanced Self-healing Ceramic Coatings 

Ceramics-based coatings such as titania, alumina, zirconia, and their compounds 
have good corrosion resistance, abrasion properties, and hardness but over time, 
penetration of corrosive ions reduces the ceramic coating adhesion strength to the 
substrate and consequently reducing the lifetime. The self-healing ability of ceramic 
coatings prevents penetration of corrosive ions leading to better lifetime and perfor-
mance in corrosive and harsh environments. In order to create an active or inherent 
protection state in the coatings, corrosion inhibitors are placed into the coating matrix 
so that if the coating is damaged and the substrate is exposed to a corrosive environ-
ment, the inhibitors can neutralize the metal surface and prevent corrosion reactions. 
Inhibitors are chemical compounds that in the presence of small amounts in the 
corrosive environment of a metal, they can reduce the corrosion rate. 

5.1 Types of Inhibitors 

Inhibitors can be organic or inorganic or a combination. Inorganic inhibitors often 
work by regenerating damaged or anodic areas and forming insoluble deposits. These 
deposits precipitate and provide a barrier against penetration of electrolytes, water 
and oxygen. Common inhibitors include phosphates, nitrites, molybdates, tungstates, 
and chromates [26–29], which are described in the following: 

– Phosphates 

Phosphates and their derivatives are classical inhibitors and their derivatives such 
as zinc phosphate are well-known corrosion inhibitors that create corrosion prod-
ucts consisting of iron and phosphate compounds that prevent corrosion of steels 
and reduce cathodic delamination. Other phosphate compounds such as ammonium
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magnesium hydrogen phosphate are considered “greener” corrosion inhibitors for 
protection of epoxy coatings [30]. 

– Nitrites 

Nitrites can prevent pitting corrosion and impose less detrimental effects for the 
environment than inhibitors containing heavy metals, for example, CrO2− 

4 , WO2− 
4 , 

MoO2− 
4 , and Cr2O

2 
7. The electrostatic force between nitrite ions and coatings results 

in easy reactions with surface compounds, thereby increasing the corrosion resistance 
by creating corrosion products [31]. 

– Molybdates 

Sodium molybdate, Na2MoO4, as a mineral inhibitor, is highly effective in increasing 
the corrosion resistance of metals such as steels and its derivatives are considered 
non-toxic and green inhibitors [32]. 

– Tungstates 

Tungstates constitute one type of environmentally friendly corrosion inhibitors. 
Among them, Tungstate anions (WO2− 

4 ) have been extensively studied in different 
corrosive media for active protection [33]. In addition, sodium tungstate can protect 
metals in neutral, acidic, and alkaline solutions, and is considered environmentally 
friendly anodic corrosion inhibitors. The inhibition effects of tungstate ions are 
derived from the formation of iron–tungstate complexes on the surface. However, 
it is better to avoid using tungstate alone for corrosion protection applications on 
account of the low inhibition efficiency at low concentrations, in addition to the high 
cost and poor oxidation ability [33]. 

– Chromates 

Chromates which are effective due to the low water solubility, strong oxidation 
behavior, and neutral nature of corrosion products are largely used in the aerospace 
industry and ester pretreatment. However, they pose carcinogenic issues and efforts 
are being made to replace chromates with more environmentally friendly and safer 
materials [34]. 

– Vanadates 

Vanadium compounds are non-chromatic corrosion inhibitors. Although vanadate 
conversion coatings (VCC) are deposited on aluminum alloys, they are about half a 
micrometer thick and contain a network of cracks. Vanadium compounds work as 
pigments in the “super-primary” coating system and inhibition arise from the barrier 
oxide film formation and its deposition by the sol–gel process. This film is insoluble 
in a wide range of pH and environmental conditions [35]. 

Organic compounds also have significant applications in surface corrosion inhibi-
tion due to good bonding with the surface of materials leading to increased corrosion 
inhibition, cost-effectiveness, ease of use and synthesis, as well as the possibility of
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recycling [36]. Organic compounds including aliphatic and aromatic amines such as 
ethylene diamine, ammonia, cyclohexylamine, benzylamine, aniline, methyl aniline, 
dimethyl aniline, phenylhydrazine, phenylamine, and ortho- and para-tluatin prevent 
corrosion by the formation of an adsorbed layer on the metal surface [37]. The prereq-
uisite for organic inhibitors to be effective is attachment to the metal surface. They 
also work by increasing the local pH and neutralizing the substrate. Organic inhibitors 
have been reported to reduce and minimize corrosion when the corrosive medium 
contains dissolved oxygen, salts, and weak acids. When the corrosive environment 
consists of strong acids such as hydrochloric acid and is subject to a high tempera-
ture and microbial activity, polar organic compounds and colloidal organic matters 
are better inhibitors against corrosion [38]. Among the various organic inhibitors, 
heterocyclic compounds are of considerable importance as they absorb heterocyclic 
compounds on the surface to prevent corrosion reactions. Heterocyclic compounds 
make use of their electron-rich centers such as polar functional groups including 
–NHMe, –NH2, –NMe2, –OH, –NO2, –OCH3, –O–, –CN, –CONH2, COOC2H5, 
etc., as well as π-electrons of the hetero-species such as NC=O, NC=N–, NC=S, – 
C≡N, –N=O, and –N=S, and homo-species including NC=C, –N=N–, and –C≡C–. 
Compounds with a larger molecular size are better corrosion inhibitors than smaller 
compounds because they cover a larger surface [36]. In the following section, 
common organic inhibitors used in the industry are described. 

– Azoles and Thiazoles 

Azole and thiazole inhibitors contain nitrogen and sulfur donor atoms and form suit-
able compounds with metal cations with polymeric properties as surface oxidation 
barriers. The inhibitory properties of azoles stem from physical or chemical adsorp-
tion via formation of single molecular layers. Much work has been done on the 
application of 1,2,3-benzo-triazole (BTA), 2-mercapto-benzothiazole (MBT), and 
their derivatives as corrosion inhibitors [39]. 

– Imidazole 

Imidazole-based imidazole carbonitriles which are heterocyclic compounds 
containing two nitrogen atoms (diazole) in the ring have biological and industrial 
applications. The imidazole ring is contained in histamine, histidine, antifungal, 
and antibacterial drugs, antibiotics, and midazolam. By introducing an appropriate 
substitute into the five heterogeneous rings of imidazole, its properties can be modi-
fied and its easy dissolution in water can be achieved. Imidazole interacts strongly 
with charged metal surfaces due to its flat geometry and high bipolar torque. When 
an imidazole contains a hydrophobic chain in its structure it’s the most effective 
inhibitors and electrochemical studies show that increased hydrophobicity raises the 
conservation efficiency [36]. 

– Pyridine 

Carbonitrile pyridine is a six-member heterocyclic compound that contains one 
nitrogen atom in the heterocyclic ring. It is a flammable, water-soluble, and basic



144 A. Shanaghi et al.

liquid. This compound can be found in vitamins, pharmaceuticals, and agrochem-
icals and pyridine with high aqueous phase solubility shows the robust affinity to 
interact with a metallic surface [36]. 

– Nitro Compounds 

Nitro compounds have at least one nitro group in the molecular structure to attract 
electrons, and their presence in organic inhibitors reduces the anti-corrosion effects. 
However, replacement of NO2 with one nitrogen atom and two oxygen atoms in the 
smaller molecules increases the molecular size. –NO2 being highly polarized reacts 
strongly with polar electrolytes and dissolves complex molecules that normally do 
not dissolve without –NO2, consequently enhancing the inhibitory effects [36]. 

– 8-Hydroxyquinoline (8-HQ) 

8-Hydroxyquinoline (8-HQ) is one of the common corrosion inhibitors due to this 
fact that the small molecule 8-HQ has strong bidentate chelating ligand for metal ions. 
The structure consists of a nitrogen and oxygen atoms as donor atoms to complex 
of metal ions. Recently, 8-HQ has been incorporated as a corrosion inhibitor into 
self-healing and smart coatings [40]. 

Important factors regarding the long-term corrosion protection are the corrosion 
inhibitors concentration in the coating and the barrier properties of formed self-
healing layer in the defect sites. Other factors such as solubility may have an impact 
on self-healing as a low solubility of the corrosion inhibitor reduces the amount of 
active agents in the damaged areas in the coatings. However, a high solubility causes 
rapid removal of active compounds from the coatings giving rise to only short-term 
protection [41, 42]. Inhibitors can react chemically with the components of coatings 
and in some cases, the barrier properties of the coatings are destroyed [43]. 

The release of inhibitor from the self-healing coatings should be fast enough to 
respond to changes in the environment or status of the coatings quickly. There are 
new strategies to produce self-healing coatings, for example, by combining nano-
scale containers (carriers) with active barrier components in conventional coatings. 
This method produces new coating systems based on passive–active structures. In 
fact, nanoreservoirs which are evenly distributed contain active inhibitors to eliminate 
excessive deterrence and remove osmotic bubbles when the inhibitory salts are highly 
soluble or have a very small particle size. 

When local changes in the environment or the corrosion process occur in the 
coating defects, nanoparticles respond to these signals and release active materials 
[44, 45]. The inhibitor loading mechanism in self-healing ceramics-based coatings 
is via incorporation of oxide nanoparticles as nanocarriers on which the inhibitors 
adsorb. Oxide nanoparticles are also considered coating enhancers and their addition 
improves the inhibitory properties [46–50]. In addition to increasing the corrosion 
resistance, adding a corrosion inhibitor to oxide nanoparticles creates the self-healing 
ability. For example, stabilization of an inhibitor such as Ce3+ on the surface of ZrO2 

nanoparticles during hydrolysis of the zirconia sol produces a hybrid nanocomposite 
coating containing oxide nanoparticles with cerium ions [51–53]. The small diameter
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of the oxide nanoparticles increases the carriers surface area and increases the loading 
capacity of the inhibitors. Consequently, long-term release of the inhibitor from the 
nanoparticle surface improves the corrosion behavior. 

5.2 Self-healing Ceramics-Based Coatings Preparation 
Methods 

In general, several processes can be used to produce self-healing coatings containing 
barriers, including (1) use of inhibitor containers, and (2) incorporation of an inhibitor 
directly into the coating. The use of inhibitory containers in polymer-based coatings is 
divided into multiple groups depending based on the organic or inorganic containers 
type [54]. 

5.2.1 Organic Containers 

In this case, the inhibitors in micro or nano-organic containers are self-healing epoxy 
coatings. Researchers have tried to examine the impacts of various organic nanocon-
tainers as well as their other properties such as size, shape, and location in epoxy coat-
ings. These nanoenclosures contain anti-corrosion inhibitors improve the corrosion 
resistance of materials. In this process, the inhibitor is placed inside the chambers, 
followed by active ingredients released to the damaged area freely due to mechanical 
damage or pH change leading to improved corrosion resistance. Various parameters 
such as the diameter of the chambers and amount and distribution of the inhibitors 
in the coating affect the inhibitor release rate and the efficiency of the self-healing 
coating. Organic containers are cellulose nanoreservoirs and polymeric microcap-
sules. While cellulose nanoreservoirs are used, the epoxy matrix with a grid structure 
is preferred for better repair. Cellulose chambers improve the thermal mechanical 
properties of the epoxy matrix by creating lattice structures rendering them excel-
lent reservoirs in self-healing coatings. Another effective and practical approach to 
protect the metal surface is using the polymer microcapsules loaded with inhibitors as 
they can release the inhibitors in a controlled manner. This method is quite common 
and the polymer capsules can be made from urea formaldehyde (UF) resins via poly-
merization techniques. The facile preparation steps with high degree of control on 
the microcapsule size and the shell thickness are the main advantages of the in situ 
micro-polymerization methods [54]. 

5.2.2 Inorganic Containers 

Halloysite nanotubes (HNTs), titanium dioxide (TiO2), and mesoporous silica are 
used to hold inhibitors for self-healing purposes. These fillers internally carry on the



146 A. Shanaghi et al.

self-healing liquids can act as a reservoir. Due to the larger aspect ratio (L/D) ratio 
of TiO2 and HNT compared to the polymeric nanocontainers, they can cover larger 
site on polymer matrix. Furthermore, this system significantly enhances the overall 
thermomechanical properties. Encapsulation of inhibitors in organic containers is an 
easy process and the layer-by-layer (LbL) approach is a suitable approach to achieve 
the self-healing epoxy coatings. The reservoirs regulate inhibitor loading and release, 
and additionally, the multilayer permeability of the system can be governed by factors 
like the temperature, pH, electromagnetic field, and ionic strength [54]. 

The aforementioned methods are applied to create self-healing polymer-based 
coatings containing inhibitors, but cannot be used for ceramics-based coatings or 
in the attempt to reduce adhesion of ceramic coatings. In the ceramic base coat-
ings, direct use of a barrier by solution processes such as sol–gel can produce a 
homogeneous and uniform coating with the suitable distribution of the barrier in the 
ceramic-based coating. 

5.2.3 Sol–Gel Coatings 

There are various methods to deposit coatings on metals, for example, physical vapor 
deposition (PVD), chemical vapor deposition (CVD), electrical deposition, plasma 
spraying, and sol–gel process. The sol–gel process is one of the common techniques 
to synthesize homogeneous powders, coatings, and ceramic composites and has many 
advantages [55, 56]. It is a low-temperature process (close to room temperature) and 
so thermal evaporation and degradation of organic inhibitors are minimized. Since 
liquid precursors are utilized in this process, it is possible to form coatings with a 
complex shape and there is no need to melt or machine in order to produce the thin 
films. The sol–gel process is environmentally friendly and final rinsing is usually not 
required. 

In the sol–gel method, an oxide network is prepared by continuing compression of 
the precursors in the liquid medium [55–57] and in general, sol–gel coatings can be 
prepared in two methods, namely, the inorganic or organic method. In the inorganic 
methods, a colloidal suspension (normally the oxide format) and the sol coagulating 
(suspension of colloids with particle at very small sizes, 1–100 nm) are formed to 
deform the network till a network can be shaped in the continuous liquid state. The 
organic method is more common which normally begins with a monomer metal– 
solution or metal-like alkoxy precursor M(OR)n in alcohol or other organic solvents 
with low molecular weight. Here, M represents the main element such as Si, Ti, Zr, 
Al, Fe, and B and R stands for the alkyl group (CxH(2x+1)). 

The sol–gel process consists of four stages: (1) hydrolysis, (2) formation of chains 
and particles through densification and polymerization, (3) particle growth, and (4) 
polymer structure agglomeration and subsequent network formation that spreads 
throughout the liquid environment followed by its thickening to form the gel-like 
structure. Hydrolysis and compaction occur simultaneously at the beginning of the 
hydrolysis reaction and the products with low molecular weight such as alcohol
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and water can be formed after drying and contraction of the lattice causes more 
compaction [55–58]. 

Metal alkoxides (Ti, Zr, Ce, Al, Si, etc.) with the typical formula of A(OR)4, 
where A, OR, and R stand for a metal atom, an alkoxy group, and alkyl ligand, 
respectively, are considered as the precursors for the sol–gel process. The typical 
reaction of alkoxides in contact with water is shown by Eq. (2) (hydrolysis) [59]: 

A(OR)4 + H2O → HO-A(OR)3 + ROH (2) 

According to Eqs. (3) and (4), hydroxyl ions bind with atom A to form alcohol and 
partially hydrolyze the starting materials, which are then combined by condensation: 

(RO)3A-OH + HO-A(OR)3 → (RO)3A-O-A(OR)3 + H2O (3)  

(RO)3A-OR + HO-A(OR)3 → (RO)3A-O-A(OR)3 + ROH (4) 

Reactions (3) and (4) are the polymerization process in gelation in which the solid 
network contains the liquid phase in the cavities and continues to build the network 
containing the O-A-O connections. 

The rate of hydrolysis is usually larger than that of condensation. The metal 
alkoxides reactivity is different and increases in the form of Ce(OR)4 > Zr(OR)4 
> Ti(OR)4 >> Si(OR)4. In some cases, due to very slow rate of alkoxides reaction 
with water, catalyst should be used to enhance the rate of process. Acidic catalysis 
is commonly used to form coatings. Some of the determining factors which make 
an impact on hydrolysis and condensation are the ratio of water to alkoxide, pH, 
temperature, concentration of reactants, and nature of the alkoxide groups. Changes 
in these parameters affect not only the kinetics of the sol–gel process but also the 
microstructure and nanostructure of the final product [50]. Among the sol–gel coat-
ings, the hybrid one, is more usual compared to the inorganic ones for protection of 
metal surface from corrosion, based on two facts. Firstly, a thin crack-free microm-
eter layer can be formed with low oxide-layer sintering temperature (below 100 °C) 
and secondly, they can provide higher degree of flexibility when mixed with anti-
corrosive agents such as inhibitors, pigments, etc.; therefore, it can be said that they 
can provide higher and better corrosion protection. 

Spin coating and dip coating are the most two common techniques for applying the 
sol–gel coatings to the surface of metals. Spraying and electrical deposition have also 
been reported. Regardless of the method, after deposition of the coating, evaporation 
of a large amount of solvent and water leads to significant volume shrinkage and 
creates internal stress. The film fabrication conditions should be precisely adjusted, 
otherwise, the internal stress can produce cracks. Usually, curing and heat treatment 
steps are performed on sol–gel coatings depending on the microstructure, quality, 
and application [55–58].
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5.3 Titania-Based Self-healing Coatings 

Titanium (titanium oxide) has very good properties such as chemical stability, 
thermal resistance and low electron conductivity and TiO2 is a very good anti-
corrosion agent. However, there are not many reports on the application of TiO2 

films as a steel protective coating. CeO2 has comparable properties, and it has been 
used in sol–gel fabricated coating with the role of corrosion inhibitor, although it 
has a wider range of applications in optics, catalyst chemistry, pigments, etc. The 
oxide layers with more than one component can perform better to protect steel-based 
materials from corrosive medium and consequently their range of application can be 
expanded [60–62]. 

The TiO2–benzotriazole nanostructured hybrid sol–gel coating consisted of 1.4, 
2.8, and 4.2% benzotriazole, applied on the 7075 aluminum alloys substrates by 
the sol–gel method. Alkoxide Ti(OCH2CH2CH3)4 precursor with long chain lengths 
and miscibility with organic solvents on the molecular level generates crack-free 
films and organic inhibitors such as benzotriazole has a more homogeneous reaction 
by alkoxide compounds resulting in better release of the inhibitor to defects for 
healing[60–62]. 

Upon usage of benzotriazole, robust complexes can be formed when it reacts 
with transition metals and consequently, it can enhance the quality of protection of 
copper-based alloys. Also, it has applications in other sectors such as deicing agents, 
antifreeze and brake fluids, lubricating oil, and within cooling systems. Furthermore, 
the corrosion behavior of Fe in brine solution can be improved by using benzotriazole 
and some of its compounds. In this case, inhibitory effectiveness subjects to its 
concentration as here insoluble complexes formation protects the surface of metal 
[60–63]. 

3-Glycidoxypropyltrimethoxysilane (GPTMS) with its two functional groups, 
glycidoxy (organic component) and silicon alkoxide (inorganic component), already 
showed its potential to establish better connectivity among the organic and inorganic 
compounds in the sol–gel method. Therefore, it can be used to make a network by 
reaction of glycidoxy group with the both organic and inorganic inhibitors, during the 
polymerization process. Moreover, a network can be made via hydrolysis for subse-
quent condensation reactions between SiO and titanium alkoxide [64–66]. Thus, 
the reaction can be seen between organic groups together compared to the organic 
and inorganic ones. There are studies regarding the inhibiting action of organic 
compounds like benzotriazole on aluminum alloys. Usually, it happens with poly-
meric coatings with the self-healing ability and the thickness between 10 and 100 
μm, although it can be too much for some purposes. The thickness of ceramics-
based coatings prepared by the sol–gel method is 1–10 μm with 1.2, 3.6, and 4.8% 
benzotriazole as the self-healing agent [60–62]. Structure and morphology of the 
TiO2 nanostructured and its self-healing coating contained different benzotriazole 
concentrations are shown in Fig. 1, which indicates that adding benzotriazole formed 
a uniform and homogeneous structure with less micro-cracks compared to the titania 
nanostructured coating [60].
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Fig. 1 FE-SEM images of a TiO2 nanostructured, b TiO2–1.4% benzotriazole self-healing, c TiO2– 
2.8% benzotriazole self-healing, and d TiO2–4.2% benzotriazole self-healing coatings, which are 
heat treated for 2 h at 150 °C of a heating rate of 1 °C/min. The magnifications of 30, 80, and 150 
kX are shown in [60] 

When the TiO2 nanostructured coating was applied on the surface of 7075 
Aluminum alloy, the corrosion behavior was deteriorated compared to the uncoated 
one, according to the results acquired from the Nyquist and bode-phase plots after 
samples were being immersed in 3.5% brine solution for 24 h (Fig. 2). However, 
the TiO2 coating containing the benzotriazole showed higher corrosion resistance. 
The coating with 4.2% benzotriazole, showed better corrosion resistance compared 
to the ones with 1.4 and 2.8% due to its homogenous and uniform properties and
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also higher compactness of the coating as the defects can be filled out by releasing of 
benzotriazole. As it can be seen in Fig. 2, the sample containing 4.2% benzotriazole 
has two time-constant compared to the ones with 1.4 and 2.8%, showed that the 
corrosion reactions happened at the both coating and its interface with the substrate. 
It was shown that the inhibitor enhanced the corrosion resistance of TiO2–4.2% 
benzotriazole upon immersion for 24 h. When the healing agent was released and 
subsequently reacted with the medium, a layer was formed between TiO2 and the 
aluminum substrate and reduced the effect of corrosive agents, thus enhanced the 
corrosion resistance of the coating. According to the graphs, by increasing the benzo-
triazole content from 2.8 to 4.2%, protective layer was formed at higher frequencies. 
All in all, it can be said that, at both 2.8 and 4.2% benzotriazole, a protective layer was 
formed, due to releasing of benzotriazole at enough amount, however, the quality of 
the layer formed from the sample containing 4.2% benzotriazole was better, showed 
by its better stability and density [60–62]. 

Releasing of benzotriazole and its subsequent reaction and defects filling enhanced 
the protection against localized corrosion at low frequencies and among the samples, 
the coating with 2.8 and 4.2% of benzotriazole provided better corrosion resis-
tance compared to the other groups, the uncoated aluminum substrate, coated with 
TiO2 nanostructured and the one with 1.4% benzotriazole. Although the aluminum 
substrate, 7075, has good resistance to localized corrosion, however, by introducing

Fig. 2 a Nyquist plot and b Bode-phase plot of the Al 7075 alloy, titania nanostructure coating 
and titania nanostructured coatings containing 1.4, 2.8, and 4.2% benzotriazole after immersion for 
24 h immersion in the 3.5 wt.% NaCl solution [60] 
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the TiO2 nanostructured to the substrate, the corrosion resistance would be increased. 
Therefore, by coating the substrate with TiO2 nanostructured and TiO2–1.4% benzo-
triazole, the resistance to localized corrosion would be decreased as it can be under-
stood from the Bode-phase plot, by the reduction of phase angle and its subsequent 
shifting toward the zero. But this deficiency can be improved by increasing the benzo-
triazole content from 1.4% to 2.8 and 4.2% [60–62]. Also, enhancement of localized 
corrosion resistance of the coating with TiO2–4.2% benzotriazole can be achieved 
by increasing the immersion time to 120 h (Fig. 3) due to this fact that the absorp-
tion layer formed at the interface of coating and solution, has the higher stability. 
Extending the immersion time at 3.5% brine solution would decrease the corro-
sion and specifically localized corrosion resistance of TiO2 nanostructured coating, 
however, by adding the healing agent the corrosion behavior, both locally and gener-
ally, improved significantly [60–62, 67]. Thermodynamically study of absorption 
and formation of protective layer between the medium and coating showed that by 
releasing benzotriazole from the coating with 4.2% concentration, and the subse-
quent reactions of nitrogen and oxygen molecules with water, an insulating layer 
was formed [60–62, 67]. 

Two mechanisms are involved in enhancing the corrosion resistance of the coating 
with 4.3% of benzotriazole:

(a) Blocking the surface defects via corrosion by-products, due to release of 
inhibitor and its subsequent interaction with the molecules and ions in the 
environment,

Fig. 3 a Nyquist plot, and b Bode-phase plot of the Al 7075 alloy, titania nanostructured coating, 
and titania nanostructured coatings containing 1.4, 2.8, and 4.8% benzotriazole after immersion for 
120 h in the 3.5 wt.% NaCl solution [60] 
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(b) Formation of insulating layer between the coating and the medium due to the 
release of inhibitor and its surface adsorption. 

Although it’s been said that the benzotriazole released from the coating produces 
defects in the coating to ultimately reduce the resistance to the corrosion, both locally 
and generally, however, it is shown that the presence of 4.2% of benzotriazole in 
the coating can improve the corrosion resistance and healing reactions in the TiO2 

nanostructured coating. 

5.4 Titania–Alumina Self-healing Ceramics-Based Coating 

Titania and alumina coatings are protective coatings against corrosion and nanopar-
ticles of titanium dioxide have anti-corrosion properties. Although titania is an active 
compound for the catalytic activity, the small surface area and change of the struc-
ture at elevated temperature (e.g., instability of the anatase structure) are limitations. 
Studies have been conducted to enhance the anti-corrosion properties by combining 
titanium oxide with other oxides [62, 68–70]. Alumina (produced by sol–gel tech-
nique) is structurally stable and has a large specific surface area [71, 72]. Alumina 
also has a good oxidation resistance to abrasion and provides excellent corrosion 
resistance [73]. 

After preparing the titania solution, the tri-butyl aluminum precursor is used as 
an alumina source to prepare the alumina solution. The solution containing 80% 
of the titanium solution and 20% of the alumina solution is added to tri-methoxy-
silane as an encapsulate liquid to prepare benzotriazole solutions with three different 
concentrations [62]. According to FE-SEM image (Fig. 4), a more homogenous 
and smoother composite coating of titania-alumina containing benzotriazole can be 
achieved compared to the ones without it. benzotriazole reduces adhesion among 
particles. As shown in Fig. 4a, nanoparticles attached together with poor connec-
tion to each other can create cracks with small size and micro-channels. The stress 
caused by shrinkage upon the heat treatment and solvent removal can induce the 
crack formation. The corrosion rate can be increased due to more cracks formation, 
however, on the other hand, more benzotriazole can be stored in them. In this regard, 
by adding 1.2% benzotriazole, the cracks surface can be covered, and smoother and 
more homogenous structure can be achieved compared to the case without any benzo-
triazole. By further increasing the content of benzotriazole to 3.6%, as more cracks 
would be filled therefore, the homogeneity of surface structure would be enhanced. 
However, there is an optimal concentration regarding the application of benzotriazole 
to fill out the cracks, as increasing its content to 4.8%, a coating with higher porosity 
would be formed [62].

The coatings properties such as strength and adhesion are affected by the surface 
structure. For example, the amount of TiO2 cracks deposited on Al 2024 alloy can 
be reduced by alumina [74, 75] and also higher surface roughness can induce more 
cracks [76–78]. The roughness and thickness of TiO2–Al2O3 composite coatings are
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Fig. 4 FE-SEM images of the TiO2–Al2O3 coatings: a Without benzotriazole; b 1.2% benzo-
triazole; c 3.6% benzotriazole; d 4.8% benzotriazole (10,000X and 100,000X magnification) 
[62]
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summarized in Table 1. Upon the introduction of 1.2% of benzotriazole, the surface 
roughness (Ra) is increased, however, by further increasing the concentration of 
benzotriazole to 3.6 and 4.8%, better consistency can be attained. As you can see in 
Table 1, by adding more than 1.2% benzotriazole, lower surface roughness compared 
to the ones without the inhibitor can be achieved. The bonding quality between the 
Al 2024 substrate and the coating is affected by the mismatch of thermal expansion 
coefficient. The stress generated during the heat treatment can be accumulated and 
reduce the bonding strength of the coating as the thermal contraction and coefficient 
behavior of the coating and substrate is different [79]. In this regard, the role of 
alumina and benzotriazole is reducing the crack formation and increasing the bonding 
strength of the substrate and ceramic coating. The benzotriazole diffuses into the 
cracks upon its formation and probably reacts there and finally heals the defects. It 
should be noted that by further increasing the concentration of the benzotriazole to 
more than 4.8% the coating bonding strength would be decreased and delamination 
can be happened more easily in the ceramic coatings [60–62]. 

To study the coating corrosion behavior, they were immersed in the NaCl solution 
with 3.5 wt.% up to 96 h. It was found that when the immersion time was increased 
from 1 to 48 h, Fig. 5a–b, the polarization and corrosion resistance is increased. 
Compared to the coating only containing TiO2–Al2O3, reactants attach to the surface, 
and due to redox reactions, the ion exchange happens among the chloride ions in 
the electrolyte and the ones in the coating and finally reduces the charge transfer 
resistance (1 h immersion (Fig. 5a)). By increasing the immersion to 48 h (Fig. 5b), 
corrosion produces filled the cracks and made a barrier to the transfer of ion to 
the metal surface. From the linear section, it can be understood that the system is 
governed by the movement of reaction products or reactants from the metal surface 
toward the medium. This is the case when the reaction products cover the metal 
surface [80].  Followed by 96 h immersion (Fig.  5c), a higher concentration of chloride 
ions and a gradual reduction in the passive film resistance, formed on the top of the 
corrosion byproducts can be seen. It is shown that the polarization resistance of 
the coatings with benzotriazole content of 1.2 and 4.8%, at 1 h is higher than 48 
h. Trimethoxysilane (C3H10H3Si, coupling agent) by forming a membrane around

Table 1 Surface roughness (Ra) and thickness of the TiO2–Al2O3 coatings containing 1.2%, 3.6%, 
and 4.8% benzotriazole [62] 

Sample Ra 
(nm) 

Thickness of one 
layer (nm) 

Total thickness after five times 
immersion (μm) 

Titania–alumina coating (no 
benzotriazole) 

20.45 450 2.25 

Titania–alumina coating (1.2% 
benzotriazole) 

0.14 510 2.55 

Titania–alumina coating (3.6% 
benzotriazole) 

0.03 600 3.00 

Titania–alumina coating (4.8% 
benzotriazole) 

0.19 640 3.20 
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benzotriazole acts as a bridge between benzotriazole (an organic inhibitor) and TiO2– 
Al2O3 (minerals). Benzotriazole can be released by variation of the pH or scratching 
and form a thin layer to protect the corroded metal from the diffusion of corrosive 
agents. The inhibition efficiency depends on two factors, adsorption of the inhibitor 
on the surface of metal and its inhibition efficacy at the metal–solution interface [62, 
81].

As the polarization resistance is still low after 1 h of immersion, it can be concluded 
that the molecular absorption on the surface of Al substrate hasn’t yet been completed 
and the equilibrium state between the molecules in the solution and absorbed on the 
surface is not yet reached. The inhibitory effect of benzotriazole is associated to the 
BTAH adsorption to the surface of Al substrate and formation of [BTA]ads–Al layer. 
This process happens by the removal of H from BTAH and subsequently formation 
of BTA  ̄ and its linkage to the Al ions and the formation of [BTA]ads–Al layer on the 
surface. [81, 82]. This process is subjected to various factors and the physical and 
chemical properties of inhibitor molecules like functional groups, electron density, 
π orbitals, as well as charged metal surface [82–84]. 

Benzotriazole improves the coatings corrosion resistance compared to the ones 
without any inhibitor molecules after 1 h immersion (Fig. 5a). However, it should be 
considered that by adding 1.2% benzotriazole, no improvement in corrosion resis-
tance can be seen after 48 h immersion (Fig. 5b) and at the inhibitor concentra-
tion below than the critical value, corrosion behaviors are worsen compared to the 
ones without any inhibitor at all. The pitting deteriorates the corrosion behavior by 
breaking the passivation and reduces the anodic area compared to the cathodic one. 
Adding below than optimal concentration of benzotriazole, enriches the porosity and 
consequently damages the protection behavior, thus a critical point for the amount 
of benzotriazole to protect the surface should be considered [81]. Here in this study, 
it is found that the optimal concentration of benzotriazole is 3.6% as it showed better 
polarization resistance compared to the one with 4.8%. The constructive or destruc-
tive impacts of benzotriazole on protective behavior of the prepared coatings with 
sol–gel techniques hinge on various factors including, composition of sol, deposi-
tion parameters and the benzotriazole concentration in the sol part. An important 
factor to provide the stability in the corrosive medium is the corrosion protection 
behavior for a long term and to provide the long-lasting corrosion protection, factors 
such as the corrosion inhibitors concentration, the silica film structure, and the self-
healing layer barrier property formed in the flaws should be carefully considered. 
Moreover, there are some other factors which can impact the self-healing proper-
ties like the solubility behavior of corrosion inhibitors in the corrosive medium. 
For instance, low solubility of the corrosion inhibitors causes active agents deple-
tion from the affected area, however, high solubility can lead to fast leaching [81]. 
The polarization curves of the titania–alumina composite coatings with 1.2, 3.6, and 
4.8% benzotriazole after immersion in 3.5 wt.% NaCl solution for 96 h are shown 
in Fig. 6, and the results, such as corrosion current density (icorr), anodic slop (βa), 
cathodic slop (βc), corrosion potential (Ecorr), passivation current density (ipass), and 
inhibition efficiency (ηp), are summarized in Table 2. This table shows that when 
the concentration of benzotriazole increased from 3.6 to 4.8%, the corrosion current
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Fig. 5 Nyquist plots of Al 2024 alloy with the TiO2–Al2O3 coatings: No benzotriazole, 1.2% 
benzotriazole, 3.6% benzotriazole, and 4.8% benzotriazole after immersion in 3.5 wt.% aqueous 
NaCl for a 1 h,  b 48 h, and c 96 h [62]
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density was decreased compared to the case of coating with 1.2% or even without any 
inhibitor, where the corrosion current is the current produced while electrochemical 
corrosion is occurring, and electrons move from the anode to the cathode. Prob-
ably, by increasing the benzotriazole content, more corrosion sites are blocked. The 
coatings with 3.6% benzotriazole, shows the self-healing ability. The coating and 
polarization resistance would be decreased when the corrosion reactions happen in 
the defects during the immersion. In the case of the sample with 3.6% benzotriazole, 
its slow release from the coatings when exposed to the solution and probably the 
passivation of defects, produces the self-healing property. However, passivation area 
of anodic branch experienced some oscillations. Casenave and Coll [85] by studying 
the aluminum corrosion in the presence of benzotriazole showed the benzotriazole 
suitability as a cathodic inhibitor. Other studies have named anodic and/or cathodic 
inhibitors [53, 64] and it is shown that the inhibitory mechanism of BTAH is related 
to its adsorption to the Al surface and subsequent formation of [BTA]ads:Al layer 
[62, 81]. 

Finally, it should be said that the benzotriazole concentration is a main factor 
regarding the self-healing properties of the coating as its steady release, specifically in 
the case of 3.6%, when exposed to an aqueous solution, render the self-healing ability. 
Also, elevated polarization resistance can be stemmed from the defects passivation. 
However, as there is a race between corrosion and healing process, oscillations can be 
seen in the cathodic branch of passivation area. The coating with 3.6% benzotriazole 
can provide the highest protection efficiency of 76% [62].

Fig. 6 Polarization curves (electrode potential versus the logarithm of the current density) of the 
TiO2–Al2O3 coatings without benzotriazole, and with three various benzotriazole concentrations 
after being immersed in 3.5 wt. % NaCl solution for 96 h [62]



158 A. Shanaghi et al.

Table 2 Acquired data from polarization tests of the TiO2–Al2O3 coatings containing benzotria-
zole at three concentrations [62] 

Samples icorr (μA/ 
Cm2) 

βa (V/  
dec) 

βc (V/ 
dec) 

Ecorr 
(mV) 

ipass (μA/ 
Cm2) 

ηp 
(%) 

Titania–alumina (no 
benzotriazole) 

16.6 0.668 0.277 −1149 36.3 – 

Titania–alumina coating (1.2% 
benzotriazole) 

20.4 0.710 0.332 −1135 56.2 −23 

Titania–alumina coating (3.6% 
benzotriazole) 

3.99 0.626 0.286 −1129 19.9 76 

Titania–alumina coating (4.8% 
benzotriazole) 

13.4 0.966 0.328 −1147 61.6 19

5.5 Zirconia Coating 

Zirconia (ZrO2) is one of the important ceramics with enhanced mechanical strength, 
thermal stability, wear, and corrosion resistances with an acceptable level of chemical 
stability and high hardness [86]. High degree of cracks happened in the coating of 
ZrO2 prepared via sol–gel method is one of its main drawbacks and application 
of stabilizing agents can be effectively reduced this drawback. It’s believed that 
these cracks form during the coating heat treatment due to stress formation. By 
in situ observing the gel film formation under heat treatment condition by Kozuka, 
it was revealed that the microscopic cracks formed in the heating-up stage and the 
starting temperature for the crack formation is highly depended on heating rate, 
film thickness, water-to-alkoxide ratio, and humidity. Via two methods, the film 
thickness can be increased without further crack development, (1) repetition of the 
coating procedure and (2) adding organic polymers [87]. The cracks and the non-
homogeneity of the coating only containing ZrO2 can be seen in Fig. 7. Zirconia 
single-component coating. These cracks formed during the heat treatment procedure 
and subsequently solvent evaporation, due to the high thermal expansion coefficient 
[88, 89]. The ZrO2–BTA hybrid coating shows a well-distributed, nanostructured, 
and crack-free structure with the benzotriazole as an inhibitor agent which its reaction 
with the coating components can prevent creation and development of cracks thereby 
resulting in a homogeneous nanostructured surface.

According to the polarization curves (Fig. 8), the coating function as a physical 
protective barrier to block electrochemical reactions and changes in polarization plots 
toward a more positive corrosion potential (Ecorr) and lower corrosion current (icorr) 
can be seen. Electrochemical changes are observed between the uncoated samples and 
coated samples as well. The cathodic nature and anodic part of the polarization plot of 
Al 2024 are changed by the sol–gel coatings. The ZrO2–BTA nanostructured coating 
shows a more positive corrosion potential and lower corrosion current density than 
the coatings and the corrosion resistance increases due to the anti-corrosive effects 
of benzotriazole. The coatings containing the appropriate concentration of benzo-
triazole blocks sites and increases the corrosion resistance by two steps. The first
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Fig. 7 FE-SEM images of the coatings deposited on Al 2024 alloy and heated at 150 °C for 2 h 
a ZrO2 and b ZrO2–benzotriazole [89]

deterring effect reaches the metal–solution interface and then absorbs the inhibitor 
on the metal surface. The ceramic coating based on sol–gel, works like a dielectric 
material and the corrosion can be only started at the defects and flaws the presence 
in the coating. Hence, by diffusing the water and oxygen via the cracks and reaching 
the substrate surface, the corrosion can be started [89].

The Nyquist and Bode plots of Al 2024, ZrO2, and ZrO2–BTA nanostructured 
coatings in the 3.5 wt.% NaCl solution after immersion for 1 and 120 h (Fig. 9) 
confirm that the ZrO2 coating has acceptable corrosion resistance and BTA in 
the zirconia coating enhances the resistance against corrosion. The hybrid coating 
showed better corrosion resistance compared to the inorganic one as its surface has 
lower level of flaws and imperfections. The sol–gel coatings corrode only through 
defects which allow the electrolyte to access the metal surface [89, 90]. The healing 
procedure can be seen normally through the polymerization reaction of the healing 
agent inside of the coating. Rupturing of the microcapsules containing the healing 
agents, during the crack formation lead to release of encapsulated compound and 
these compounds will go through the polymerization process when they contact with 
the catalyst. During exposure to water or moisture, the healing reaction proceeds by 
polymerization, cross-linking, or condensation to create a film to separate the metal 
substrate from the corrosive environment and consequently the corrosion process was 
reduced. Generally, The ZrO2–BTA nanostructured coating improves the corrosion
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Fig. 8 Potentiodynamic polarization curves in the 3.5 wt.% NaCl solution of coatings: a 1 h and  
b 120 h [89]

resistance of the substrate in terms of corrosion potential, corrosion current density, 
passivity, and passive potential range, and the protection level of the ZrO2–BTA 
nanostructured coating is better than that of the inorganic ZrO2 coating. In general, 
BTA improves the corrosion behavior of the ZrO2–BTA nanostructured coating in 
two ways by (1) formation of consistent and resilient coating from corrosion prod-
ucts and providing Warburg impedance and (2) formation of consistent and dense 
dual-layer to obstruct the ions and electrons movement at the interface of substrate 
and corrosive medium [90].
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Fig. 9 Nyquist and bode-phase curves of the samples after immersion in the 3.5 wt.% NaCl solution 
for different times: a 1 h and  b120 h [89] 

5.6 Zirconia–Alumina Composite Coatings 

The mismatching of physical and chemical features of ZrO2 and the substrate, Al 
2024, is the reason for poor corrosion properties of this combination as the flaws can 
be created on ZrO2 coating. By adding some compounds such as magnesium, yttrium 
and calcium oxides as stabilizer agents, the cubic and tetragonal phases will be more 
stable, and consequently, the harmful volume expansion due to transforming the 
tetragonal phase to monoclinic one will be prevented. Here, to enhance the behavior 
of ZrO2 coating, Al2O3 is used to make the coating more stable and enhance its 
function [91–93]. 

According to the FE-SEM images showed in Fig. 10, cracks can be seen in the 
ZrO2–Al2O3 coating (Fig. 10a) compared to the ZrO2–Al2O3–benzotriazole coating 
(Fig. 10b), because of huge thermal expansion coefficient of ZrO2 and removal of 
organic substances upon the heat treatment procedure. By performing the drying 
process in isopropanol and heat treatment procedure with a slower heating rate (1°C/ 
min), crack propagation can be controlled [93, 94]. On the other hand, by using 
benzotriazole, no cracks and flaws would be seen due to the better ZrO2–Al2O3– 
benzotriazole polymerization process. As shown in Fig. 10c–d, the elemental map 
of O confirms uniform distributions in the coatings. There is a larger percentage 
of oxygen and aggregation in the coating containing benzotriazole compared to the 
other coatings. One of the main roles of benzotriazole in smaller flaws is preventing 
crack propagation and its further development and therefore, providing flawless and 
crack-free coating [93–95]. Its mechanism of action is releasing the inhibitor into the 
cracks and by its reaction to the aluminum surface, protective [benzotriazole]ads:Al 
layer fills out the porosities. The thickness of the ZrO2–Al2O3 and ZrO2–Al2O3– 
benzotriazole coatings are 810 and 950 nm, respectively (Fig. 10 e–f).
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Fig. 10 FE-SEM images of a ZrO2–Al2O3 coating, and b ZrO2–Al2O3–benzotriazole; Elemental 
map of O acquired from c ZrO2–Al2O3 coating, and d ZrO2–Al2O3–benzotriazole coating; FE-
SEM cross-sectional images of e ZrO2–Al2O3 coating, and f ZrO2–Al2O3–benzotriazole coating 
[93]
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According to the Nyquist plots showed in Fig. 11, the dense ZrO2–Al2O3–benzo-
triazole coating shows better corrosion compared to the other groups. Although, there 
is a race between water absorption and chloride ions diffusion, however due to benzo-
triazole release, different behavior can be seen at different immersion time span. In 
this regard, after being immersed for 1–4 h, as this race is going on side by side, there 
is no difference between the corrosion resistance behavior of the different coatings. 
However, when the immersion time reached 6 h, excessive release of benzotriazole 
overcomes the other factors, water absorption and aggressive ions diffusion and thus, 
better corrosion resistance can be seen from ZrO2–Al2O3–benzotriazole coating. 

The presence of some regions like Al2Cu, Al2CuMg, and Al2Mg3, as the cathodic 
areas make the substrate, the Al 2204, more susceptible to intergranular corrosion. 
As the intergranular copper rich area would be dissolved, some sediments would be 
seen at the boundaries of corroded grains [84, 86]. According to the Nyquist plot

Fig. 11 Nyquist plots of the ZrO2–Al2O3 and ZrO2–Al2O3–benzotriazole immersed for a 1 h,  b 2 
h, c 3 h,  d 4 h,  e 5 h, and  f 6 h [93] 
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acquired from samples immersed for 1 h, the ZrO2–Al2O3 coating hampered the 
galvanic corrosion and therefore improved the corrosion resistance. By extending 
the immersion time, due to water absorption and chloride ions diffusion within the 
cracks and flows, the corrosion resistance would be declined. benzotriazole relieves 
the cathodic and anodic reactions and also by hampering OH− formation retains 
the neutrality of the solution exposed to the surface for longer time. Moreover, by 
forming corrosion products, the surface can be protected [62, 93–96]. Two mech-
anisms can be considered for zirconia–alumina–benzotriazole coating: (i) chloride 
ions diffusion prevention and adsorbing water via a homogenous coating without any 
crack (immersed for 1–4 h), and (ii) release of benzotriazole from the coating. As it 
can be seen in Fig. 11, benzotriazole mechanism of action is based on the below two 
states: (1) hampering cathodic reactions as a result of corrosion products creation 
via reaction with oxygen and (2) improving the double layer behavior developed 
between the surface of coating and solution (this enhancement can be verified due to 
improving the capacitance of double layer (Cdl) and the resistance between aqueous 
medium and the coating, after being immersed for 4–6 h) [93]. 

benzotriazole protects the surface of aluminum through formation of [benzotri-
azole]ads–Al layer. This can be explained by formation of BTA  ̄ due to the loss of 
hydrogen from nitrogen in benzotriazole and its reaction with Al ions to form [benzo-
triazole]ads–Al [62, 93]. Many factors have impact of inhibitor molecules absorption, 
such as the functional group, electron density, π orbitals, as well as charged metal 
surface. 

According to the graph acquired from the open circuit potentials (OCP) vs. time 
(Fig. 12), it can be seen that the potential for ZrO2–Al2O3–benzotriazole, first shifted 
toward the positive direction followed by its negative shift. By application of benzo-
triazole, it can be seen from the polarization plot that the cathodic reaction was 
effectively hampered, delayed oxygen or OH− reduction and consequently the corro-
sion of aluminum was prevented [62, 93]. Due to better protection on the case of 
ZrO2–Al2O3–benzotriazole coating compared to the ZrO2–Al2O3, smaller potential 
fluctuation can be seen. The shifting of OCP to more positive values by extending 
the immersion period, can be a result of benzotriazole secretion into the medium. 
Though, the corrosion was prevented effectively due to the presence of stable and 
flawless ZrO2–Al2O3–benzotriazole coating and consequently the variation of OCP 
is small and insignificant.

6 Nanomechanical Properties 

In addition to improving the corrosion behavior of ceramics-base coatings containing 
inhibitors by self-healing mechanisms, the mechanical properties of the coatings are 
of great importance. The intrinsic properties of ceramics such as high hardness lead to 
increased hardness and reduced flexibility of ceramic coatings, and usually different 
components of ceramic composite coatings lead to improved mechanical properties 
of the coatings. It has been shown that the alumina coating enhances the mechanical
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Fig. 12 Open circuit potential (OCP) versus immersion time for the ZrO2–Al2O3 and ZrO2– 
Al2O3–benzotriazole coatings [93]

properties of sol–gel coatings on stainless steel or nitrided steel in terms of hard-
ness and wear resistance, however, the tribological behavior of the coatings would 
be deteriorated due to the presence of cracks and defects. Adding ZrO2 and TiO2 

to the coatings, decreased and increased the microhardness, respectively [97, 98]. 
benzotriazole in the nanostructured ZrO2–Al2O3–benzotriazole coating improves the 
corrosion resistance of Al 2024 with a protection efficiency of 76% [62]. Although, 
this enhancement is related to lower defects, however, a more comprehensive evalua-
tion of the nanomechanical properties of hybrid ceramics-based coatings is necessary 
to understand the wear mechanism. 

To evaluate the mechanical properties of the coatings, nanoindentation and nano-
scratch tests are done. The curves and AFM images related to the nanoindentation 
tests at the applied loads of 50 and 60 μN are  shown in Fig.  13 and the results, 
including hardness, elastic modulus and plastic deformation area are summarized in 
Table 3. Accordingly, results acquired for all the mentioned parameters are higher 
in the case of ZrO2 compared to the ZrO2–Al2O3–benzotriazole ones at the load of 
50 μN. These imperfections in the ZrO2 coating cause higher energy absorption. 
At the load of 60 μN, the ZrO2–Al2O3–benzotriazole coating showed lower hard-
ness while its elastic modulus and plastic deformation area are larger compared to 
the other groups. In general, by increasing the elastic modulus, dislocations move-
ment will be harder and the reduction in hardness can be related to the organic 
compounds. The strengthening effect which has been seen in mechanical properties 
of ZrO2–Al2O3–benzotriazole coating is related to the soli solution formation [93, 
94, 96].

At the load of 60 μN, not only the ZrO2–Al2O3–benzotriazole coating showed 
higher hardness and elastic modulus, but also, bigger plastic deformation area can
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Fig. 13 Nanoindentation graphs for the coatings, exposed to two different loads: a 50 μN and  b 60 
μN; AFM images after nanoindentation of the coatings at different loads: c 50 μN and  d 60 μN 
[94] 

Table 3 Coatings parameters acquired from the nanoindentation test at the loads of 50 and 60 μN 
[94] 

Depth of 
penetration (nm) 

Hardness (H) 
(GPa) 

Elastic modulus 
(E) (GPa) 

Coatings Force 
(μN) 

39 0.93 14 ZrO2 50 

43 0.75 10.2 ZrO2–Al2O3 

42 0.69 15 ZrO2–Al2O3–benzotriazole 

48 0.79 12.1 ZrO2 60 

44 1.15 15 ZrO2–Al2O3 

45 0.91 13.8 ZrO2–Al2O3–benzotriazole
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be seen compared to the ZrO2 coating. Less defects, cracks free, uniform and inte-
grated coatings improve the strength of the ZrO2–Al2O3 coating compared to the 
ZrO2 coating. As an organic compound, benzotriazole enhanced the behavior of 
the coating at the load of 60 μN by making a significant contribution to the reduc-
tion of hardness, elasticity and flexibility of the coating compared to the ZrO2–Al2O3 

coating. In fact, by increasing the tension and the applied force, the coatings’ strength 
and solid solution formation are reduced and enhanced, respectively, due to the pres-
ence of benzotriazole. The coating hardness and elasticity would be decreased by 
increasing the force from 50 to 60 μN. By applying higher load, defects play a more 
prominent role and make the dislocations to move easier in the ZrO2 coating, as it 
can be concluded from the nanoindentation plot and maximum penetration depth. 
The ZrO2–Al2O3–benzotriazole coating shows a dissimilar behavior compared to 
the ZrO2 coating, as the hardness and elastic modulus increased by elevating the 
applied force from 50 to 60 μN, although those would be decreased at the deepest 
depth of penetration and also in the horizontal part of the nanoindentation graph. The 
elastic modulus of ZrO2–Al2O3 coating is lower than the ZrO2 coating at the applied 
load of 50 μN, however by increasing the applied force to 60 μN, the penetration 
depth would be increased. The higher force affects a larger area and the dislocations 
movements are hampered by the ZrO2–Al2O3 solid solution [94, 96]. 

The mechanical behavior is assessed via the nanoscratch test. The image of the 
scratch and the roughness of ZrO2, ZrO2–Al2O3, and ZrO2–Al2O3–benzotriazole at 
50 and 60 μN (Fig. 14) indicate that both the ZrO2 and ZrO2–Al2O3 coatings show 
a more apparent plasticity encountered to indentation by increasing the load from 50 
to 60 μN, as shown by surface roughness plot in the movement path of indentation. It 
can be due to the sluggish dislocation movement at the load of 50 μN. Under a load 
of 60 μN, plastic deformation and dislocations movement causes a shrinkage at the 
end of the indenter path. Such shrinking, and also groove edges rounding represent 
the high plastic deformability for the coating with benzotriazole at the load of 50 
μN. Two interesting points can be seen in the ZrO2–Al2O3–benzotriazole coating 
friction coefficient at the load of 60 μN. These repeatable fluctuations stemmed from 
the homogeneity of coating properties throughout the indenting path and the rise and 
fall of the friction coefficient can be explained by even distribution of benzotriazole 
in the coating.

Benzotriazole increases the flexibility of the coating and plays a dominant role 
in wear adhesion. By roughness increasing and the ZrO2–Al2O3–benzotriazole 
shrinkage through the path of indentation, friction coefficient was first increased 
and then decreased. In general, alumina increases the ability of plastic deformation 
and impedes movement of dislocations, whereas the flexibility was increased due to 
benzotriazole, since the coating was piled up at the edge and at the end of the friction 
path [99–102]. 

Figure 15 illustrates that the average friction coefficients of the ZrO2, ZrO2– 
Al2O3, and ZrO2–Al2O3–benzotriazole coatings are 0.38, 0.32, and 0.29 under a load 
of 50 μN, and 0.48, 0.51, and 0.41 under 60 μN. According to the wear curves and 
the coatings diagram for surface roughness at the load below 50 μN, abrasion with 
plowing can be seen as the dominant mechanism. The elastic and plastic deformation
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Fig. 14 The AFM image of the nanoscratched area and its relative surface roughness by applying 
50 μN load on  a ZrO2, b ZrO2–Al2O3, and  c ZrO2–Al2O3–benzotriazole coatings, and 60 μN load  
on: d ZrO2, e ZrO2–Al2O3, and  f ZrO2–Al2O3–benzotriazole coating [94]
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Fig. 14 (continued)

the plowing phenomenon, which can act as barriers throughout the wear test thus 
giving rise to larger friction coefficients for the ZrO2–Al2O3–benzotriazole coating. 
One method to reduce the friction coefficients and improve the wear behavior is 
to increase the hardness of the surface and in this regard, the ZrO2 coating has the 
lowest friction coefficient due to the largest hardness under 50 μN [94].

50 μN load may not apply sufficient plastic deformation and so abrasion is the 
dominant wear mechanism. In the beginning, small plastic deformation occurs in 
the indentation path due to tensions caused by the formation of the homogeneous 
and uniform coating. In comparison, as the adhesion can be seen in the wear area 
of ZrO2–Al2O3–benzotriazole coating, it can be said that the dominant wear mech-
anism is adhesion [94]. By increasing the load to 60 μN, the dominant mechanism 
is changed to the abrasion with shear for the ZrO2–Al2O3 and ZrO2–Al2O3–benzo-
triazole coatings, and the proof for this fact is the noticeable peaks and valleys in 
the wear graphs, especially the one with benzotriazole. As the strength of ZrO2– 
Al2O3 is higher compared to the ZrO2–Al2O3–benzotriazole and the 60 μN load 
has an influence on dislocation movement, the former one has higher indentation 
resistance.
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Fig. 15 Friction coefficients graphs of the ZrO2, ZrO2–Al2O3, and  ZrO2–Al2O3–benzotriazole 
coatings under a 50 μN, and b 60 μN [94]

7 Conclusion and New Perspective 

Much effort has been made to develop self-healing coatings with high corrosion 
resistance and desirable mechanical properties in order to increase the lifetime of 
metallic components. In particular, ceramic coatings are widely used in the industry 
due to the high hardness, low friction, high corrosion resistance, and robust chem-
ical resistance, but cracking and porosity reduce the corrosion resistance leading to 
possible failure in the field. In this respect, self-healing agents can be incorporated 
into the structure to increase the properties and longevity. Incorporation of repairing 
agents into ceramic coatings increases the corrosion resistance by leaving repairing 
agents at defects such as cavities and cracks, and the reactions with oxygen and mois-
ture produce corrosion products that facilitate repair at defects. The proper choice of 
the inhibiting polymers and their products increases the flexibility and strength of the 
ceramic coatings along with enhanced corrosion resistance. However, it should be
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mentioned that these materials are still in the experimental stage and more research 
is required to bring the technology to industrial fruition. 

At present, existing technologies for designing self-healing materials are expen-
sive, which has hampered the widespread usage of the materials for various common 
applications, and with the spread of science, it is expected that new advancement 
will make the use of self-healing materials possible in everyday life. In future, one 
of the most important applications of ceramic-based self-healing materials can be 
their use in biomaterials along with using natural and biocompatible inhibitors so 
that biocompatible ceramic-based self-healing composites can improve durability of 
artificial bones, dentures, and so on. 
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Utilization of Advanced Ceramics 
Towards Treatment of Wastewater 

Deepti, Piyal Mondal, and Mihir K. Purkait 

Abstract Ceramics have played a significant role in various fields such as environ-
mental and biomedical due to their high melting point, corrosion-resistant prop-
erty, biocompatibility, cheap, and easy availability. Nowadays, researchers have 
developed advanced ceramics with superior properties to be utilized in optical and 
electrical applications along with environmental and biomedical applications. This 
chapter focuses on the various advanced ceramic materials, which have been utilized 
for wastewater treatment purposes. Ceramic adsorbents, resins, and aerosols along 
with ceramic membranes which have been utilized intensively for wastewater treat-
ment purposes have also been discussed in-depth in this chapter. Moreover, the 
chapter includes advanced ceramics to modify membrane-based technology to handle 
wastewater treatment more effectively. The chapter also discusses the future scope 
and perspective of such advanced ceramic materials and their modifications to ensure 
better efficiency towards environmental remediation purposes. 

Keywords Ceramic adsorbents · Ceramic resins ·Membrane technology ·
Wastewater · Organic ceramic · Inorganic ceramic 

1 Introduction 

Materials have been an overwhelmingly significant determinant of individual and 
social competition in human history. A better understanding of the atomic and molec-
ular structure of materials is becoming increasingly important for the development 
of new materials as well as the advancement of existing materials. As a result, prod-
ucts are being customized to suit complex applications to overcome demanding
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industrial and social problems in today’s intensely dynamic environment [1]. The 
current evolution of ceramics and materials and the related material technologies is 
increasing quickly with new technological development. Approaches of handling, 
forming, and finishing are essential to maintain pace with this rapid rate of develop-
ment, as new materials and technologies are established. Since humans have been 
capable of conceptual thinking, the current scenario has provided the most innovation 
in ceramics and materials science. Over this time, substantial metallurgical advances 
have resulted in nearly any possible mixture of metal alloys, and the strengths of such 
alloys are reasonably well known and utilized. However, the thrust for faster, more 
efficient, low-cost production techniques continues today. To keep up with technical 
advances, new materials capable of working at higher temperatures, higher speeds, 
longer life factors, and lower maintenance costs are needed as metal-based structures 
hit their limits. As compared to other materials, advanced ceramics is one of the finest 
examples to overcome such limitations [2]. 

Ceramics technology plays a particularly important role in this stage and thus has 
emerged as a pillar of technological progress in many industrial sectors. Ceramics are 
solid materials made up of inorganic, nonmetallic elements. All ceramic materials 
have one thing in common: they are exposed to high temperatures either at the time 
of manufacture or use (usually above 500 °C). Ceramic is generally, but not always, 
a metallic oxide, boride, carbide, nitride, or a combination or compound of such 
materials [3]. 

Ceramics are known for their high hardness, heat and electrical insulation prop-
erties, heat and corrosion resistance, and brittleness and fracture behaviour without 
deformation. Traditional and advanced ceramics are the two types of ceramics. Tradi-
tional ceramics are made using a standard process that starts with the preparation 
of ceramic suspensions and finishes with sintering. Glass, porcelain, clays, kaolins, 
feldspars, and quartz are some of the common examples for traditional ceramics. 
Advanced ceramics, on the other hand, are a new family of ceramics manufac-
tured from synthetic chemicals that are highly pure. These ceramics are aimed at 
a variety of high-performance industrial applications [4]. Advanced ceramics are 
mostly made up of oxides, nitrides, and carbides, though diamond and graphite 
are generally included in this category. As a result, advanced ceramics are often 
categorized as oxide or non-oxide ceramics depending on their composition. Oxide 
ceramics include binary oxides, aluminates, niobates, zirconates, ferrites, and titan-
ites. Whereas, non-oxide ceramics include borides, carbon, carbides, nitrides and 
ceramic composites [5]. Advanced ceramic materials are expected to become more 
important in several areas, including optical, electrical, medical, and environmental 
applications. In the fields of restorative dentistry, bone reconstruction, and artifi-
cial bones, oxide ceramics are widely used (e.g., zirconia and alumina) [6]. Several 
ceramics are being investigated as catalysts, adsorbents, resins, and membranes for 
pollution prevention, monitoring, and remediation. They are particularly appealing 
for pollution control applications because of their potential to be customized, low 
cost, thermal and chemical durability [7, 8]. This chapter offers an overview of 
advanced ceramic materials that are used in many types of applications. The use of 
advanced ceramics in environmental remediation has been highlighted. Readers will
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get a detailed insight on ceramic adsorbents, resins, and aerogels, as well as ceramic 
membranes, which have been extensively used for wastewater treatment. 

2 Classifications of Ceramics Based on Application 

2.1 Optical-Based Applications 

Advanced ceramics are being used in a broader variety of applications than ever 
before. Ceramics are gaining prominence in the fields of health, technology, nuclear 
power, electricity generation, transportation, and storage [9]. 

In optical technology, ceramics are becoming increasingly relevant. The most 
common optical components are silica glass, silicon dioxide, silicon and oxide single 
crystals. Thin films and fibres are also examples of optical materials. Amplifiers, 
detectors, waveguide couplers, modulators, filters, and attenuator polarizers are some 
of the optical instruments made with ceramic oxide materials. One possibility for 
this is because ceramic compounds, due to their electronic nature, are insulators with 
a large optical distance, making them ideal for optical applications. Furthermore, the 
microstructure of ceramics has a significant impact on their response to light prop-
agation. As a result, processing conditions will alter its clarity. As passive optical 
elements, transparent ceramics are used as lenses, optical filters, waveguides, and 
mirror supports. Armours, home appliances, mirrors, light-emitting diodes (LEDs), 
and other products made of transparent ceramics are being used to replace glasses 
with outstanding properties. An increasing range of active optical instruments, such 
as scintillators, amplifiers, power lasers, phosphors, and multifunctional materials 
use ceramics. Ceramic materials often used in different optical devices are depicted 
in Table 1 [10]. The porosity of ceramic is the most important element in its trans-
parency. The pore surface is a transition between phases with different optical proper-
ties, reflecting and refracting light. Ceramics are opaque because of the huge number 
of pores present.

Pores can be inter-grain or intra-grain. Though they are submicron in size, 
removing intra-grain pores is a tough and time-consuming procedure than removing 
closed inter-grain pores [11]. 

Glass ceramics are a type of transparent ceramics made from crystallization of 
glasses in a controlled manner. Glass ceramics have a variable but a high number of 
crystallites contained in the amorphous matrix, ranging from 30 to 90% by volume. 
Glass ceramics have excellent behaviour as compared to conventional glasses or 
single crystals because of their properties that can be regulated by their processing and 
composition [12]. Two phases are included in the production of glass ceramics. The 
glass is produced by casting the melt in the first phase, which is then re-crystallized 
with the assistance of nucleation aids in a second phase [10]. Nowadays, in an 
industrial glass ceramic, a mixture of Li2O/Al2O3/SiO2 (LAS) with Na2O, K2O, 
and CaO as glass formers and ZrO2 and TiO2 as nucleation vehicles is used. Studies
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Table 1 Ceramic materials often used in optical devices 

Material Waveguide 
couplers 

Laser amplifiers Detector 
modulators 

Filter 
attenuators 

Polarizers Protective 
barriers 

SiO2 x x x x x 

Glasses x x 

YSZ, 
Ta2O5 

x x 

LiNbO3 x x x x x 

CaCO3 x x 

Al2O3 x x x 

Reproduced from Orera and Meriro [10]. Under the terms and conditions of the creative commons 
license (CC BY-NC-ND). (http://creativecommons.org/licenses/by-nc-nd/4.0/)

reported that fabrication of phosphors for fluorescence lamps is done with ceramics 
doped with optically active ions. For example, halophosphate (Ca5(PO4)3(F, Cl): 
Sb3+, Mn2+), Tb3+, Ce3+: LaPO4, and Eu3+: Y2O3 have been used for white light 
green and blue light, and red light, respectively. Similarly, Pb: CaWO4, Mn: ZrSiO4, 
and Eu: YVO4 for blue, green, and red colour, respectively, are used for Cathodic 
Ray Tubes (CRT) of television and computer colour screens [13]. 

Zhang et al. (2021) prepared (Tb1-xLux)2O3 transparent ceramics that are both 
magnetic and optical through a solid-solution method. The prepared ceramics had 
high thermal conductivities and could be used for a Faraday rotator in both visible and 
near-infrared regions [14]. Fang et al. (2019) investigated prepared ReSC-5 optical 
ceramics that exhibited good thermal stability, which were used as high-temperature 
solar absorbers. Ceramics exhibited low radiation temperature at higher temperatures 
due to their conduction behaviour [15]. 

2.2 Biomedical Applications 

Bioceramics are ceramic materials that are engineered to accomplish a certain phys-
iological behaviour and are used as a building material for prosthetic devices or 
artificial internal organs [5]. Over the last three decades, it has been shown that 
certain ceramics can facilitate the regeneration of neighbouring tissue, can spon-
taneously bind to living tissues, and can kill cancer cells locally, allowing natural 
tissue regeneration after treatment. According to many studies, ceramics have been 
shown to play an important part in the development of good quality of life [16]. 
Alumina and zirconia in medical grade are outstanding examples. Bioactive glasses, 
including resorbable calcium phosphate ceramics, heralded the rise of a new age 
of biomaterials. Recent findings suggest that third-generation biomaterials, products 
that stimulate the genes of the tissues in contact with the materials, are now feasible 
[17]. Based on their chemical surface reactivity, bioceramics can be categorized

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1 Classification of ceramics based on their chemical surface reactivity. Reproduced with 
permission from Kapusetti et al. [18]. Copyright (2019). Springer Nature 

as bioinert (e.g., alumina and zirconia), bioactive (e.g., hydroxyapatite and glass 
ceramics), and bioresorbable (e.g., Calcium oxide and gypsum) materials as shown 
in Fig. 1 [18]. 

The crystal structure of oxide ceramics is characterized by the tight packing of 
oxygen ions with metal ions found in the interstices. These ceramics are bioinert in 
nature. Bioactive ceramics, on the other hand, tend to form a bond with the interfa-
cial core and to promote apatite growth. Biomaterials that show regulated chemical 
breakdown and resorption are bioresorbable ceramics. Compatibility of ceramics 
with the physiological system is crucial to their biomaterial ability. Bioceramics 
are compatible as they are made up of ions present in the physical system such as 
calcium, sodium, potassium, magnesium, and many more) as well as ions of low 
toxicity like aluminium and titanium. Bioceramics are used in several healthcare 
applications. Crowns, implants, bridges, and inlays/onlays are few examples that are 
used in dentistry. Appearance, colour stability, strength, thermal conductivity, and 
radiopacity are some of the appealing features/attributes of these materials, which are 
close to natural dentition properties. Bioinert ceramics include oxide ceramics such 
as alumina and zirconia, which are mostly used as prosthetic devices in medicine 
and dentistry. In the early 1990s, zirconia ceramics were first used in dentistry as 
endosseous implants in dental prosthetic surgery. Zirconia is biocompatible with oral 
cavity tissues and documented to be osteoconductive, which means it helps bone 
formation when it comes into contact with it. According to research, zirconia does 
not induce any sought of allergic reactions or taste changes. In terms of mechanical 
properties, zirconia is considered to have the best fracture resistance among the most 
commonly used ceramics, with high hardness, corrosion resistance, wear resistance, 
coefficient of thermal expansion, and modulus of elasticity [6]. 

Biphasic calcium phosphate (BCP), hydroxyapatite (HA), tricalcium phosphate 
(TCP), and a combination of these, have been widely studied and potential materials
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for bone repair among the different calcium phosphate (CaP) ceramics. CaP ceramics 
satisfy numerous significant criteria that are essential for the use as load-bearing clin-
ical implants. These requirements include properties, such as toughness, hardness, 
and strength, to facilitate osseointegration, osteoinduction, and remodelling proce-
dures, to have the same weight as the initial bone defect, easy accessibility without 
material constraints [19]. 

Borkowski et al. (2020) prepared fluorapatite having physical, chemical, and 
biological properties, which would support regeneration of bone tissue. Obtained 
fluorapatite was calcinated at 800 °C and characterized by slow release of fluoride 
at safe level for osteoblasts cell line [20]. Li et al. (2021) fabricated an enamel-
like structure on the surface of zirconia-based polymer-infiltrated ceramic network 
(PICN) materials to improve the biological and mechanical properties. The enamel-
like structure had a good antibacterial property and outstanding bio-compatibility, 
which can promote the proliferation and adhesion of human gingival fibroblast cells 
(HGFs) [21]. 

2.3 Environmental Remediation Applications 

Ceramics have also been accepted as environmentally sustainable materials, 
enhancing their potential even further. To lower their greenhouse gas footprints, 
efforts are also being made to synthesize ceramics with minimal energy inputs. The 
enhanced synthesis of ceramics has seen significant advancements. A new applica-
tion of ceramics and advanced ceramic materials has emerged as an intriguing focus 
on the reduction, regulation, and remediation of pollution in the air, water, and land 
media [22]. Ceramics are categorized as traditional or advanced, advanced ceramics 
are now commonly used in the materials science community. Such ceramic materials 
necessitate a degree of manufacturing technology and engineering well above those 
used in the manufacture of traditional ceramics. Many ceramics are being investi-
gated as catalysts and photocatalysts, adsorbents, membranes, resins, and aerogels for 
pollution prevention, control, and remediation applications, and they can play impor-
tant roles in this regard. Because of their low cost, thermal and chemical reliability, 
and potential to be tuned and tailored, they are particularly appealing for pollution 
control applications [2]. Ceramic materials are the ideal materials for many crit-
ical reactions in environmental and energy applications due to their lightweight and 
versatility in chemical composition, which allows them to be easily modified [23]. 
Ceramics, in the form of catalytic filters, membranes, and adsorbents, have become 
a significant moment in improving air quality by removing toxic emissions from 
the atmosphere. Li et al. (2015) used the incipient-wetness impregnation process to 
prepare a Fe–Mn–Ce catalyst and tested it for mercury removal in the simulated coal-
fired flue gas. According to their findings, formulated ceramic catalysts had greater 
conductivity, thermal stability as well as higher corrosion resistivity and mechan-
ical efficiency [24]. Many studies reported in the area of ceramic adsorbents and 
membranes, similar to ceramic catalysts. Jeong et al. (2017) fabricated a ceramic
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membrane from pyrophyllite and alumina coated with an alumina powder suspen-
sion to obtain a narrow pore size distribution. The membranes that were developed 
were used to treat low-strength domestic wastewater [25]. A detailed study of ceramic 
materials used for environmental remediation is discussed in the subsequent sections. 

3 Recent Advances in Ceramics for Wastewater-Based 
Applications 

3.1 Ceramic Adsorbents 

Ceramic materials either conventional or advanced are of great importance in many 
fields as discussed in the previous sections. Even though each of the specified fields 
of application makes use of one or more distinct properties of ceramic materials, 
the phenomenon of adsorption is a common feature of all of them. Adsorption is a 
process, when a liquid or gas accumulates on the surface of a solid or liquid which 
is termed as adsorbent, forming a film (adsorbate). Adsorption is usually divided 
into two types based on the type of attraction between adsorbent and adsorbate; 
physical and chemical adsorption [26]. Surface chemical activity, thermal stability, 
exterior condition, and porosity determine the adsorption properties of materials 
[27]. There are many ceramic-based adsorbents available for water and wastewater 
treatment. Amongst them, clay is one of the oldest ceramic materials used as an 
adsorbent for decades. Ceramic material for adsorption includes non-metallic and 
inorganic materials such as carbides, oxides, and nitrides. For instance, metal oxides 
like aluminium oxide, iron oxides, magnesium oxides are all considered ceramic 
materials for adsorption. 

Chen et al. (2012) investigated the removal of arsenate from aqueous solution 
by a ceramic adsorbent (mixture of Fe2O3, Akadama mud, and wheat starch). They 
found the adsorbent very advantageous with the following properties; (a) enough 
mechanical stability even after a prolonged time of adsorption, (b) low cost prepa-
ration process, (c) no secondary contamination, and (d) better removal performance 
over a wider pH range [28]. Similarly, Ma et al. (2016) developed a porous ceramic 
adsorbent of zirconium-pillared montmorillonite for the removal of chromium (Cr3+) 
from wastewater. Different techniques like X-ray diffraction (XRD), Brunauer– 
Emmett–Teller (BET), and Field Emission Scanning Electron Microscope (FESEM) 
were used to study their chemical and physical characteristics. They found that 
zirconium-pillared montmorillonite as an adsorbent was advantageous with respect 
to its mechanical and thermal stability, working efficiency with a wide range of pH, 
and cost-effective [29]. Zhao et al. (2013) used kanuma clay and akadama clay for 
the adsorption of ammonium from ammonium-contaminated wastewater. They have 
also evaluated the effects of used adsorbent as a fertilizer. The study also revealed that 
the developed adsorbent was promising in terms of low cost, better soil amendment, 
high adsorption capacity [30].
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3.2 Ceramic Aerogels 

Ceramic aerogels are extremely porous materials with structures (three-dimensional) 
assembled by nanostructures that belong to cellular solids family [31]. Samuel 
Stephens Kistler coined the word “aerogel” in 1932 to describe gels in which the 
liquid phase is replaced by a gas phase without the gel network collapsing [32]. 
Properties such as high porosity, low density, large open pores, high surface area, are 
gaining attention in wastewater treatment. Ceramic aerogels have the potential to be 
used in high-temperature and oxygen-rich conditions due to their higher chemical 
stability. Traditional ceramic aerogels, which are made up of oxide nanoparticles, 
are brittle and suffer from high-temperature volume shrinkage. Brittleness is caused 
primarily by the fragile nature of ceramics and inefficient neck-like links between 
nanoparticles. The volume shrinkage caused by the high-temperature sintering action 
of the oxide nanoparticles causes the high-temperature instability. To enhance high-
temperature stability, attempts have been made to fabricate carbides, nitrides, or 
ultrahigh-temperature ceramic aerogels. The brittleness of these materials, however, 
remains a limitation in practical applications. As a result, ceramic aerogels that 
are both mechanically robust and temperature stable are highly desirable [31, 33]. 
There are various kinds of ceramic aerogels available, namely, carbon-based aero-
gels (carbon nanofiber aerogels, carbon nanotube aerogel, graphene aerogel) [34], 
cellulose-based aerogels [35], polymer-coated ceramic aerogels [36]. Different types 
of preparation methods lead to different microstructures of ceramic aerogels. Some 
of the reported preparation methods include solution blow spinning, sol–gel, chem-
ical vapour deposition, freeze-drying, and sacrificial template method [37]. Figure 2 
represents the steps involved in the synthesis of aerogels by sol–gel technology [32]. 

Aerogels are made from a variety of materials, which include metal oxides, metals, 
carbon, and polymer-based materials, and are widely used in environmental remedi-
ation, especially for wastewater treatment [38]. Pham et al. (2021) derived aerogels 
from waste paper that are used to remove organic pollutants such as phenol and 2-
chlorophenol from wastewater. The carbon-based aerogels had the highest surface 
area and could withstand higher temperatures and they are very cost-effective [39]. 
Zhan et al. (2019) prepared a hybrid graphene/polydopamine modified multiwalled 
carbon nanotube with robust and ultra-lightweight aerogels through a green route. 
The synthesized aerogel was utilized as an adsorbent for the removal of copper and

Fig. 2 Steps involved in the synthesis of aerogels through sol–gel technology. Reproduced with 
permission from Almeida et al. [32]. Copyright (2020), Elsevier 
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lead. The hybrid aerogels showed outstanding structural stability, high specific area, 
availability of active adsorption sites, and high adsorption capacity [40]. 

3.3 Ceramic Membranes 

A membrane is a thin barrier, which allows one or more constituents to selectively 
pass from one medium to the other in the presence of an appropriate driving force 
[41]. Ceramic membranes were first developed in the early 1960s for beer filtration, 
extract recovery, and gas separation [42]. Separation is aided by the active layer, 
and the membrane is supported mechanically by the substrate. Flat-sheet and tubular 
types are the two main configurations used in the membrane process. Both types are 
employed in many wastewater treatment-based applications, such as organic pollu-
tant removal, colour removal, heavy metal remediation, and desalination [43]. The 
schematic of ceramic membranes along with their properties is depicted in Fig. 3 [44]. 
The performance and function of the membrane depend upon the materials utilized 
for the fabrication of the membrane. Ceramic materials for membranes in water 
and wastewater treatment are chosen based on their chemical and thermal stabili-
ties, hydrophilicity, porosity, pore size, mechanical strength, cost-effectiveness, and 
other water treatment-related characteristics [45]. Many studies have been reported 
on a variety of raw materials namely alumina, titania, silica, zirconium dioxide, and 
zeolite for the fabrication of membrane. Also, there are many clay-type materials 
used for the fabrication such as bentonite, kaolin, ball clay. Recently, numerous 
studies have been carried out to investigate low-cost ceramic products such as coal 
ash, fly ash, and steel slag from industrial wastes [46].

A. Barbosa et al. (2018) fabricated zeolite membrane on alumina disc for the sepa-
ration of oil/water emulsion. The performance of the fabricated membrane exhibited 
outstanding results due to the formation of the zeolite layer on the surface of alumina 
ceramic supports. Because of the properties of zeolite, the efficiency of membranes 
improved [47]. 

M. Changmai et al. (2019) fabricated a fly ash-based ceramic membrane. The 
polymer was coated on the ceramic membrane using the dip coating method. 
Membrane showed excellent properties like chemical and thermal stability, good 
rejection of proteins [48]. 

Membrane characterization is a critical step in membrane development and 
one of the most important factors in better understanding the structure, func-
tional performance, stability and overall performance. Field emission scanning 
electron microscopy (FESEM), scanning electron microscopy (SEM), atomic force 
microscopy (AFM), scanning tunnelling microscopy (STM), and transmission elec-
tron microscopy (TEM) are some of the general characterization techniques used 
to determine the morphological details of membranes, such as surface porosity, 
cross-sectional area, pore size and shape.



184 Deepti et al.

F
ig
. 3
 
a 

T
he
 s
ch
em

at
ic
 r
ep
re
se
nt
at
io
n 

of
 c
er
am

ic
 m

em
br
an
e 
cr
os
s-
se
ct
io
n,
 b

 c
om

m
er
ci
al
ly
 a
va
ila

bl
e 
si
ng

le
/m

ul
tic

ha
nn

el
 t
ab
ul
ar
 c
er
am

ic
 m

em
br
an
e 

ph
ot
og
ra
ph
s,
 c
 fl
at
-s
he
et
 c
er
am

ic
 m

em
br
an
e,
 d
 h
ol
lo
w
 fi
br
e 
ce
ra
m
ic
 m

em
br
an
e.
 e
 P
ro
pe
rt
ie
s 
of
 c
er
am

ic
 m

em
br
an
e 
fa
br
ic
at
ed
 u
si
ng

 d
if
fe
re
nt
 ty

pe
s 
of
 c
er
am

ic
 

m
at
er
ia
l. 
R
ep
ro
du

ce
d 
w
ith

 p
er
m
is
si
on

 f
ro
m
 A
si
f 
an
d 
Z
ha
ng

 [
44
].
 C
op
yr
ig
ht
 (
20
21
),
 E
ls
ev
ie
r



Utilization of Advanced Ceramics Towards Treatment of Wastewater 185

3.4 Ceramic Membranes 

A membrane is a thin barrier, which allows one or more constituents to selectively 
pass from one medium to the other in the presence of an appropriate driving force 
[41]. Ceramic membranes were first developed in the early 1960s for beer filtration, 
extract recovery, and gas separation [42]. Separation is aided by the active layer, 
and the membrane is supported mechanically by the substrate. Flat-sheet and tubular 
types are the two main configurations used in the membrane process. Both types are 
employed in many wastewater treatment-based applications, such as organic pollu-
tant removal, colour removal, heavy metal remediation, and desalination [43]. The 
schematic of ceramic membranes along with their properties is depicted in Fig. 3 [44]. 
The performance and function of the membrane depend upon the materials utilized 
for the fabrication of the membrane. Ceramic materials for membranes in water 
and wastewater treatment are chosen based on their chemical and thermal stabili-
ties, hydrophilicity, porosity, pore size, mechanical strength, cost-effectiveness, and 
other water treatment-related characteristics [45]. Many studies have been reported 
on a variety of raw materials, namely, alumina, titania, silica, zirconium dioxide, 
and zeolite for the fabrication of membrane. Also, there are many clay-type mate-
rials used for the fabrication such as bentonite, kaolin, ball clay. Recently, numerous 
studies have been carried out to investigate low-cost ceramic products such as coal 
ash, fly ash, and steel slag from industrial wastes [46]. 

A. Barbosa et al. (2018) fabricated zeolite membrane on alumina disc for the sepa-
ration of oil/water emulsion. The performance of the fabricated membrane exhibited 
outstanding results due to the formation of the zeolite layer on the surface of alumina 
ceramic supports. Because of the properties of zeolite, the efficiency of membranes 
improved [47]. 

Changmai et al. (2019) fabricated a fly ash-based ceramic membrane. The polymer 
was coated on the ceramic membrane using the dip coating method. Membrane 
showed excellent properties like chemical and thermal stability, good rejection of 
proteins [48]. 

Membrane characterization is a critical step in membrane development and 
one of the most important factors in better understanding the structure, func-
tional performance, stability and overall performance. Field emission scanning 
electron microscopy (FESEM), scanning electron microscopy (SEM), atomic force 
microscopy (AFM), scanning tunnelling microscopy (STM), and transmission elec-
tron microscopy (TEM) are some of the general characterization techniques used 
to determine the morphological details of membranes, such as surface porosity, 
cross-sectional area, pore size and shape.
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3.5 Ceramic Membranes 

A membrane is a thin barrier, which allows one or more constituents to selectively 
pass from one medium to the other in the presence of an appropriate driving force 
[41]. Ceramic membranes were first developed in the early 1960s for beer filtration, 
extract recovery, and gas separation [42]. Separation is aided by the active layer, 
and the membrane is supported mechanically by the substrate. Flat-sheet and tubular 
types are the two main configurations used in the membrane process. Both types are 
employed in many wastewater treatment-based applications, such as organic pollu-
tant removal, colour removal, heavy metal remediation, and desalination [43]. The 
schematic of ceramic membranes along with their properties is depicted in Fig. 3 [44]. 
The performance and function of the membrane depend upon the materials utilized 
for the fabrication of the membrane. Ceramic materials for membranes in water 
and wastewater treatment are chosen based on their chemical and thermal stabili-
ties, hydrophilicity, porosity, pore size, mechanical strength, cost-effectiveness, and 
other water treatment-related characteristics [45]. Many studies have been reported 
on a variety of raw materials, namely, alumina, titania, silica, zirconium dioxide, 
and zeolite for the fabrication of membrane. Also, there are many clay-type mate-
rials used for the fabrication such as bentonite, kaolin, ball clay. Recently, numerous 
studies have been carried out to investigate low-cost ceramic products such as coal 
ash, fly ash, and steel slag from industrial wastes [46]. 

Barbosa et al. (2018) fabricated zeolite membrane on alumina disc for the sepa-
ration of oil/water emulsion. The performance of the fabricated membrane exhibited 
outstanding results due to the formation of the zeolite layer formed on the surface 
of alumina ceramic supports. Because of the properties of zeolite, the efficiency of 
membranes improved [47]. 

Changmai et al. (2019) fabricated a fly ash-based ceramic membrane. The polymer 
was coated on the ceramic membrane using the dip coating method. Membrane 
showed excellent properties like chemical and thermal stability, good rejection of 
proteins [48]. 

Membrane characterization is a critical step in membrane development and 
one of the most important factors in better understanding the structure, func-
tional performance, stability and overall performance. Field emission scanning 
electron microscopy (FESEM), scanning electron microscopy (SEM), atomic force 
microscopy (AFM), scanning tunnelling microscopy (STM), and transmission elec-
tron microscopy (TEM) are some of the general characterization techniques used 
to determine the morphological details of membranes, such as surface porosity, 
cross-sectional area, pore size and shape.
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4 Advanced Ceramics in Membrane Technology 

Membranes with excellent physical and chemical properties, high tunability, and 
reusability have gained a thriving interest. Comprehensively, advanced materials for 
the ceramic membrane are usually inorganic. Inorganic materials include oxides 
of alumina, titania, silica or mixtures of these components, metal oxide frame-
work, zeolites, and few industrial wastes. Few different forms of inorganic ceramic 
membranes such as low-cost membranes, metal oxide-based membranes, composite 
membranes like metal oxide framework membranes are discussed in the subsequent 
sections. 

4.1 Metal Oxide-Based Membranes 

Ceramic membrane based on metal oxide has a multi-layered asymmetric struc-
ture consisting of a denser support layer with large pores. This support provides 
mechanical support for the membrane structures, an intermediate layer to decrease 
pore size to mesoporous sizes, and a layer with small and selective pores for separa-
tion. Ceramic membranes containing a diverse range of insoluble oxides exhibited 
intriguing separation and processing properties [49]. 

Commonly used ceramic material for fabricating membranes is Alumina (Al2O3). 
α, γ, η, and θ alumina are the thermodynamically stable phases of alumina. Among 
these phases, γ- and α alumina-based membranes are commonly used for water, and 
wastewater treatment. Alumina functioned as the active layer, substrate, an interme-
diate layer in a ceramic membrane due to its properties such as thermal and chemical 
stability and high strength. Sol–gel, dip coating and sintering are the commonly used 
fabrication methods [47, 50]. Similarly, Titania is another ceramic material widely 
used for the fabrication of ceramic membranes due to its intrinsic properties such 
as high chemical resistance, and mineralization of organic compounds under UV 
irradiation [51]. 

Several advantages are incorporated into a single membrane, such as high perme-
ability and antifouling and antibacterial capacities. Other ceramic membranes, for 
example alumina membrane, do not have a significant anti-bacterial advantage as 
alumina has no photocatalytic property. Titania has high chemical stability compared 
to other ceramic materials and is therefore capable of treating wastewater related to 
corrosive media [52]. 

Zirconia (ZrO2) is another ceramic material used for water and wastewater treat-
ment. The property of zirconia is that it can change from monoclinic crystal to 
tetragonal and cubic phases from room temperature to higher temperature, which 
helps to improve the toughness of the zirconia that is stabilized [51]. Furthermore, it 
has the greatest hydrophilicity and thermal resistance, making it suitable for wastew-
ater treatment. The treatment of wastewater such as oily and saline wastewater is one 
of the most important applications of zirconia membrane [53].
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Nataraj et al. (2011) developed α-alumina tubular ceramic membrane modules 
coated with cellulose acetate. Distillery wastes, paper, and pulp wastes, and the sugar 
industry wastes were treated using tubular membrane. They found that coating an 
alumina ceramic membrane with cellulose acetate made the composite membranes 
less prone to membrane fouling and offered more potential for wastewater treatment 
[54]. Similarly, Seres et al. (2016) used alumina ceramic membrane for the treatment 
of vegetable oil refinery wastewater. The membrane had a pore size of 200 nm. The 
membrane served its best in terms of higher flux and high rejection [55]. Zhu et al. 
(2011) in his investigation prepared a TiO2 membrane by applying TiO2 nanoparticles 
to tubular alumina support using a dip-coating method. The fabricated membrane 
was used with ozonation to treat the wastewater from a wastewater treatment plant 
to reduce colour and trace organics [56]. Da et al. (2016) fabricated a pure tetragonal 
ZrO2 nano-filtration membrane with high permeable and separation performance by 
sol–gel method for the treatment of high saline wastewater [57]. 

4.2 Metal–Organic Framework (MOF) Membranes 

Metal–organic frameworks (MOFs) are a type of crystalline porous materials with 
intermittent network structure made up of inorganic metal-containing nodes linked 
by bridged organic ligands created by self-assembly [58]. They have grown in 
popularity over the last two decades as a result of their versatility and wide range 
of potential applications. MOFs have high tuneable porosities and large available 
surface areas, as well as the ability to effortlessly merge species without modifying 
the framework topology. MOFs are growing rapidly in gas storage, drug delivery, 
and catalysis due to their remarkable properties. Furthermore, MOFs are commonly 
used in the field of membrane separation. MOFs have been extensively used in 
membrane applications such as forward osmosis, reverse osmosis, and nanofiltra-
tion [59]. Now, the most common substrates used to prepare MOF membranes are 
inorganic compounds and polymers. As a result, MOF membranes are classified into 
two types: pure MOF membranes consisting of MOF layers and a porous inorganic 
substrate, and mixed matrix membranes (MMMs) created by mixing MOF parti-
cles with an organic matrix. Many techniques for preparing MOF membranes have 
been developed including, layer-by-layer growth, in-situ growth, secondary growth 
(seed method), solvothermal, electrodeposition, vacuum filtration, and electrochem-
ical synthesis. Many studies on the fabrication of membranes containing MOFs for 
the treatment of different types of wastewater have been reported [60]. 

Gong et al. (2020) fabricated a nanofiltration membrane incorporating titanium-
based MOFs into polyethyleneimine (PEI) and trimesic acid (TMA) cross-linking 
system. MOF-based membrane was used to remove some heavy metals. The 
membrane showed excellent permeability and high rejection [61]. Samari et al. 
(2020) synthesized polyethersulfone (PES) ultrafiltration (UF) membrane, using 
a melamine-modified zirconium-based metal–organic framework (MOF). The
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membrane exhibited high thermal stability and permeability. They observed an excel-
lent performance of the membrane by introducing the MOF to the matrix. The synthe-
sized membrane was used to treat oily wastewater and found it effective in terms of 
permeability and high oil rejection [62]. 

4.3 Low-Cost Membranes 

Ceramic membranes, as discussed in previous sections, provide special advantages 
in membrane processes due to their properties, such as mechanical strength, thermal 
stability, and chemical resistance and decreased fouling propensity [63]. Many appli-
cations do not require the advantages offered by high-purity refractory oxides, such as 
the treatment of domestic or industrial wastewater, where the required quality of the 
treated effluent can be achieved with membranes synthesized with more conventional 
materials, namely, low-cost ceramic membranes. This would result in a considerable 
reduction in raw materials and processing costs, lowering the cost of the ceramic 
membranes produced. Low-cost ceramic membranes are made up of lower-cost raw 
materials that are typically found in conventional ceramic products. The sintering 
temperatures used, on the other hand, are lower than those used in industrial ceramic 
membranes, lowering processing costs [64]. 

Likewise, fly ash, charred wastes, coal ash, steel slag grouped under industrial 
wastes and agricultural wastes like rice husk and sugarcane bagasse have been studied 
and reported as raw materials that are economically convenient for the fabrication 
of ceramic membranes [65]. The compositions of these materials are advantageous 
for the fabrication of membrane. These materials encourage further research towards 
cost-effective membranes of great demand. 

Recently, Deepti et al. (2020) have reported work on the preparation of micro-
filtration ceramic membranes from Linz Donawitz (LD) slag, waste from the steel 
industry. They found that the fabricated membrane had excellent flexural strength, 
chemical stability, high flux, and capacity to treat the steel industry wastewater 
[8]. Manni et al. (2020) prepared a ceramic microfiltration membrane from natural 
magnesite to treat textile wastewater. Magnesite-based membrane showed good 
thermal stability along with higher flux. Filtration results showed that the membrane 
efficiently removed all turbidity from textile wastewater [66]. Hubadillah et al. (2018) 
developed low-cost ceramic membranes from silica-based rice husk which is an 
agricultural waste. Rice husk was modified into rice husk by the burning process at 
600 and 1000 °C. They reported that silica content and sintering temperature had a 
substantial effect on membrane surface roughness, mechanical strength, structure, 
porosity, and flux [65]. 

Industrial applicability of membrane technology is determined by its cost. It is 
reported that polymeric membranes available for industrial use cost around $50–200/ 
m2. Ceramic membranes, on the other hand, are said to be 8 to 10 times more expen-
sive than polymeric membranes ($50–200/m2). Ceramic symmetric membrane tubes 
fabricated using α-alumina range between $500 and 1000/m2 [67]. However, certain
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ceramic membranes made from low-cost raw materials will be less expensive than 
polymeric membranes used in industrial applications. Considering the raw materials 
cost, the cost of the fabricated membranes using LD slag was estimated in the range 
of 32.55–55.7 $/m2 [8]. Similarly, Nandi et al. (2007) reported that the cost of fabri-
cated membrane with kaolin as the main raw material is estimated to be $130/m2. It  
is necessary to retain that membrane prices differ by region, as well as by membrane 
properties and surface area. By utilizing low-cost raw materials, the cost of a ceramic 
membrane may be greatly decreased. 

5 Future Research Perspective 

Ceramics are now well-accepted materials as a result of ongoing changes and 
advances. Ceramic materials are used as effective and efficient materials in a variety 
of applications. Many of the remarkable applications, however, need more advances 
and improvements in the use of advanced ceramics, since they cannot be achieved 
easily and reliably with available ceramics. As a result, ceramic materials, especially 
advanced ceramic materials, must be developed for use in modern applications such 
as health care, optical, electrical, and environmental. 

Even though their uses in water and wastewater treatment are expanding, the 
higher capital expense, low mechanical strength and poor dimensional stability under 
high temperatures (above 600 °C) is regarded as the key impediments to their wider 
application. However, mixing with other ceramic thermally resistant phases is a 
viable approach to improve their stability. The cost of the ceramics may be dras-
tically decreased using low-cost natural materials such as kaolin, pyrophyllite, and 
dolomite, as well as certain industrial wastes listed in previous sections. However, the 
stability and handling of low-cost ceramics during operation is difficult. As a conse-
quence, research into their fabrication methods and module design are important 
for commercial applications. When designing structures, components, and products, 
the properties of advanced ceramic materials must be taken into account. The design 
and material selection must be cost-efficient, technically accurate, and, preferably, an 
upgrade on current technologies. Prior performance knowledge is advantageous; but, 
in many emerging implementations, prior knowledge will not be usable, close obser-
vation and documentation of experimental model or plant trial performance char-
acteristics is needed. In this respect, new methods such as Finite Element Analysis 
have proved useful.
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6 Summary 

In this chapter, an overview of the advanced ceramic materials along with their appli-
cations in different fields particularly in environmental remediation is presented. 
Because of their environmental compatibility, ceramics have been accepted as envi-
ronmentally friendly materials, which contribute to their potential when compared 
to other materials. Advanced ceramics prove to be attractive alternatives for use 
in medical applications such as dentistry, bone reconstruction, and so on. The 
use of advanced ceramics in optics and environmental remediation demonstrated 
outstanding results. Advanced ceramic materials are now commonly used in several 
applications. The advantages of advanced ceramic materials are clearly shown by 
increased efficiency, service life, operating cost savings, and maintenance cost 
savings. Cost economics is just twice the cost of existing component prices, giving 
advanced ceramics materials a substantial benefit. 

They play an ever more significant role in a variety of fields in the future. Avail-
ability of advanced ceramic materials with customized properties, as well as the 
development of new ceramics, provides essential resources for the design of alterna-
tive production processes suitable for sustainable growth. With the development 
of material technology, it is possible to produce high-performance, inexpensive 
and ceramic materials in the future. With this regard, this chapter contributes to 
an extensive discussion for understanding of various advanced ceramics with their 
remarkable properties along with their diverse applications. This chapter will also 
be helpful to the readers for gaining expertise on application of advanced ceramic 
materials on the reduction, regulation, and remediation of wastewater with some 
notable achievements. 
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Nanoscale Rare-Earth-Based 
Mixed-Metal Oxides for Solar 
Photocatalytic Applications 

Sahar Zinatloo-Ajabshir and Seyyed Javad Heydari-Baygi 

Abstract The research and development have increased regarding rare-earth-based 
mixed-metal oxide nanostructures as a notable category of materials with unique 
characteristics, and as one of the most substantial fields of research in the last decades. 
Many studies have demonstrated their outstanding usage in different fields, specifi-
cally solar photocatalytic applications. Recent advances in the production techniques 
and photocatalytic usages of Ln2B2O7 (B=Zr, Ce, and Sn) nanostructures have been 
summarized in this chapter. Diverse methods have been presented for the fabri-
cation of lanthanide zirconate, lanthanide stannate, and lanthanides for ceramics 
production. Briefly, the privileges and disadvantages of every fabrication method 
have been introduced in this chapter. Ultimately, solar photocatalytic applications of 
rare-earth-based mixed-metal oxide nanostructures are reviewed as well. 

Keywords Rare-earth-based mixed-metal oxides · Solar photocatalytic 
applications · Nanostructures · Ceramics 

1 Introduction 

The tunable production of nanostructures with favorable features has been one of 
the most important challenges in nanoscience. Several approaches (e.g. chemical 
and physical methods) have been presented to adjust the features of nanostructures 
such as their morphology, dimensions, crystal structure, and purity during production 
[1, 2]. 

A2B2O7 is a class of rare-earth-based nanostructures with pyrochlore and also 
fluorite structures [2, 3]. The A site indicates metal elements such as yttrium, 
lanthanum, praseodymium, neodymium, samarium, europium, gadolinium, terbium,
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dysprosium, holmium, erbium, ytterbium, and lutetium. Further, the B site represents 
metal elements such as tin, titanium, zirconium, hafnium, ruthenium, and cerium 
[1, 4]. 

In this chapter of the book, we will review a specific class of rare-earth-based 
mixed-metal oxides, namely, Ln2B2O7 nanostructures (B=Zr, Sn, and Ce) [5, 6]. 
This chapter addresses each production technique with its privileges and disadvan-
tages, and properties of as-gained nanostructures. The approaches are as follows: 
hydrothermal [7], solid-state reaction [8], sol–gel [9], co-precipitation [8], combus-
tion [7], etc. Finally, the solar photocatalytic usages of Ln2B2O7 nanostructures 
such as photodegradation of contaminants will be discussed [10]. Other usages as 
follows: electrochemical water splitting [11], oxidative coupling of methane (OCM) 
[12], catalytic conversion of carbon dioxide [13], and other related purposes [14]. 

2 Synthetic Methods for the Production 
of Rare-Earth-Based Mixed-Metal Oxides 

There are several available approaches for preparing rare-earth-based nanostruc-
tures involving of sol–gel, solid-state reaction, hydrothermal, solvothermal, pechini, 
co-precipitation, etc. [15–17]. The employed methods considerably affect the 
particle morphology, dimensions, and the photocatalytic properties of the produced 
nanostructures. 

2.1 Solid-State Reaction 

In the solid-state reaction as a conventional way for the fabrication of Ln2Zr2O7, rare-
earth oxide and also zirconium dioxide are physically combined and the obtained 
materials are calcined at extremely thermal conditions for a long time [18]. Qiang 
et al. produced Dy2Zr2O7 mixed-metal oxide by dysprosium oxide and also zirconia 
as precursor substances at 1600 °C for 10 h [19]. The outcomes demonstrated that 
the fabricated Dy2Zr2O7 mixed-metal oxide had a fluorite structure. Likewise, Tong 
et al. provided La2Zr2O7 and Nd2Zr2O7 using grinding reactants such as potassium 
carbonate and zirconyl chloride octahydrate (ZrOCl2·8H2O) together with a mortar. 
Subsequently, the as-obtained powders were calcined at 900 °C within 1 h [20]. 
The synthesized lanthanum zirconate sample had a square-like shape. Different wet 
chemistry methods have been improved for preparing rare-earth-based mixed-metal 
oxides with favorable properties. In the wet chemical ways, precursor materials 
are combined at microscopic dimensions, thus leading to the formation of ultimate 
nanostructures with high homogeneity. Hagiwara produced Eu2Zr2O7 and La2Zr2O7 

nanocrystals using solid-state reaction method using zirconium dioxide, europium, 
and lanthanum oxide as precursors [21].
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In another research, Hongsong et al. prepared (Sm1-xGdx)2Ce2O7 ceramics via a 
solid-state reaction approach. They evaluated the structure improvement and thermo-
physical features of (Sm1-xGdx)2Ce2O7 nanostructure to achieve the fluorite-structure 
nanoparticles, and selected cerium(IV) oxide, gadolinium oxide, and samarium(III) 
oxide as the starting materials. The rare-earth-based nanopowders were heated at 
1000 °C for 5 h. Then, the dried materials were changed to granulated particles and 
compacted under pressure of 50 MPa. Finally, the created structures were sintered 
in the present air at 1600 °C within 10 h [22]. 

2.2 Hydrothermal 

In the hydrothermal technique, the hydroxides are precipitated from precursor solu-
tions, and the powders are made by the nucleation process and particle growth 
according to a certain temperature and pressure. It is a comfortable, facile, and 
usefully controlled method [23–27]. In this way, water is the solvent that is 
an inexpensive, renewable, and abundant structure [28]. Gao et al. synthesized 
Gd2Zr2O7:Tb3+ phosphors via a hydrothermal route using Gd(NO3)3, N3O9Tb, 
ZrOCl2, and NH3 solutions as precursors at 200 °C for 20 h [29]. The produced 
nanocrystal with a fluorite structure had a radius of about 15 nm and a length of 150– 
300 nm. Moreover, Wang et al. synthesized Sm2Zr2O7 pyrochlore nanostructure by a 
hydrothermal method using Sm2O3, ZrOCl2·8H2O, nitric acid, and aqueous NH3 as 
starting materials for 1 day [30]. They studied the effect of process temperature on the 
particle morphology and also purity of Sm2Zr2O7. Based on X-ray diffraction (XRD) 
patterns, and transmission electron microscope (TEM) images, Sm2Zr2O7 nanostruc-
tures could be formed at 190 °C. Wang et al. synthesized La2Ce2O7 ceramic using 
a hydrothermal approach with nitric acid, lanthanum oxide, polyethylene glycol as 
stabilizing agent, and cerium(III) nitrate hexahydrate at 180 °C within 24 h [31]. The 
obtained samples had cubic shape and fluorite structure. They found that the type 
of stabilizing agent could affect the surface attributes and crystallite dimension of 
La2Ce2O7 [31]. 

2.3 Combustion 

Combustion reactions containing metal precursors and a fuel material can lead to the 
formation of rare-earth-based nanocrystals [32]. Zhang et al. produced La2Zr2O7 

nanostructures by a combustion method. To this end, they prepared a mixture 
including zirconium acetate, nitric acid, lanthana, and urea as fuel, and then aqueous 
NH3 was added to this solution to get gel structure. The as-obtained gel was heated 
at 600 °C for 15 min. La2Zr2O7 sample has a pyrochlore structure with nanopar-
ticle diameter in the range of 45–70 nm. Du et al. synthesized Y2Zr2O7:Dy3+, 
Y2Zr2O7:Dy3+ and Li+ phosphors with a sol–gel combustion method utilizing

https://www.jiskha.com/questions/1068802/urea-co-nh2-2-can-react-with-water-to-form-conh2nh-3-and-a-hydroxide-ion-which
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NH4NO3 as the fuel at 800 °C [33]. Likewise, Tong et al. produced Nd2(Zr1-x Snx)2O7 

nanomaterials with a salt-assisted combustion technique by KCl and C2H5NO2 as 
the fuel at 700 °C [34, 35]. In another study, Yi et al. fabricated LaYZr2O7 pyrochlore 
nanostructure by a combustion route by applying glycine as the fuel at 1200 °C [36]. 
Lei studied the shape and size of nanoparticles through XRD, Fourier-transform 
infrared spectroscopy (FT-IR), thermogravimetry–differential thermal analysis (TG– 
DTA), scanning electron microscopy (SEM), and TEM and observed the phase 
structure and the sintering densification of nanocrystals. He produced Gd2Zr2O7 

nanostructures with fluorite structure by two combustion routes. The diameters of 
the synthesized nanoparticles by these methods were 10 and 50 nm [37]. Hong 
et al. further prepared a set of ceramic nanostructures related to Nd2Ce2O7 through a 
citrate–nitrate gel combustion synthesis [38]. To start this process, precursors such as 
neodymium(III) nitrate hydrate, cerium(III) nitrate hexahydrate, magnesium nitrate 
hexahydrate, cobalt(II) nitrate hexahydrate, strontium (II) nitrate hexahydrate, and 
barium nitrate hexahydrate were applied for producing mixed-metal oxides. Addi-
tionally, citric acid as the chelator was added to the complex solution with a molar 
ratio of 1.5:1 to all ions. Then, the ultimate solution for obtaining the viscous gel was 
fired at 343 K. The gel was then heated again on the furnace at 550 °C within 60 min. 
Finally, rare-earth-based mixed-metal oxides were synthesized by the calcination 
process at 800 °C for 3 h [38]. 

In a study by Sun et al., lanthanum cerate nanostructures were prepared using a 
combustion route. Lanthanum oxide and cerium(III) nitrate hexahydrate with 99% 
purity were provided as the initial materials. First, soluble lanthanum oxide was added 
into HNO3 solution under heating and mixing processes, followed by cerium(III) 
nitrate hexahydrate. Next, C6H8O7 was added with molar ratios of 1.5:1 (citric acid: 
metal ions), and the pH value was adjusted near 7 with ammonium hydroxide. The 
solution was placed under a temperature of 70 °C. Ultimately, the as-gained nanopow-
ders were calcined at 800 °C for 3 h to get La2Ce2O7 nanoparticles with high purity 
[39]. Also, Salehi et al. produced Dy2Ce2O7 nanostructures employing a combustion 
by applying NaCl as a dispersant, dysprosium nitrate, and cerium (IV) ammonium 
nitrate as starting materials, as well as the succinic acid and various amino acids as 
the capping agent [40]. 

They concluded that the kind of amino acid could apply a substantial effect on 
the size and particle morphology of the Dy2Ce2O7 nanostructure. The schematic of 
the fabrication technique of Dy2Ce2O7 nanostructures is shown in Fig. 1. The final 
rare-earth-based cerate ceramic was characterized by TEM images, and the TEM 
image of Dy2Ce2O7 is illustrated in Fig. 2.

Zinatloo et al. synthesized Dy2Ce2O7 samples by employing various values of 
the extract of Comosus pineapple. Then, the gel was formed after the vaporization 
of the mixture, and finally, the dried structure was prepared at 450 °C for 3.5 h. Tong 
et al. produced Er2Sn2O7 nanocrystals [41] by a combustion method using erbium 
oxide and glycine as the fuel and SnCl4·5H2O as a source of tin.

https://pubchem.ncbi.nlm.nih.gov/compound/Citric-acid
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Fig. 1 The schematic of the fabrication technique of Dy2Ce2O7 nanostructure [40]

2.4 Co-precipitation 

In the co-precipitation method, a base material is added to the precursor solu-
tion, and then metal hydroxides are precipitated simultaneously. Next, the obtained 
hydroxide is calcined to form a rare-earth zirconium ceramic. Liu et al. synthesized 
SmxZr1-xO2-x/2 (0.1 < x < 0.5) nanostructure using the co-precipitation method and the 
thermal process at 800 °C for 300 min [42]. In another research, (SmxGd1-x)2Zr2O7 

(0 < x < 1.0) nanostructures were prepared using the co-precipitation approach and 
the calcination process at 1073 K for 360 min [43], and the nanopowders had a 
pyrochlore phase and structure. Moreover, Hu et al. fabricated (Gd1-xEux)2Zr2O7 

(0 < x < 0.100) nanomaterials by the co-precipitation technique and the calcination 
process at 1073 K with a fluorite structure [44]. 

2.5 Sol–Gel 

In the sol–gel method, wet gels are obtained with the hydrolysis-condensation 
processes of metal alkoxides as the precursors. Then, the obtained gels are trans-
formed to rare-earth-based oxides through the thermal stage [45–47]. The sol–gel 
method is economic, facile, and eco-friendly compared to other approaches [31, 
48, 49]. Sohn et al. synthesized Ln2Zr2O7 (lanthanide elements, e.g. samarium, 
europium, gadolinium, and terbium) nanopowders through the sol–gel method by 
zirconium nitrate and tetraisopropoxide as the precursors and isopropyl alcohol as



202 S. Zinatloo-Ajabshir and S. J. Heydari-Baygi

Fig. 2 TEM images of the 
nanocrystalline Dy2Ce2O7 
[40]
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the solvent at 1473 K. They fabricated the nanostructures with a pyrochlore struc-
ture [49]. In another research, Saitzek et al. created Ln2Zr2O7 pyrochlore on stron-
tium titanate layers with a sol–gel route [50]. Furthermore, Jovaní et al. showed 
that Y2Zr2O7 nanostructures with fluorite structure were synthesized by the sol–gel 
method at 1573 K for 12 h [51]. Tong produced lanthanide zirconate (Ln=La, Nd, 
Sm, Dy, and Er) mixed-metal oxide with a cubic shape using a sol–gel approach [52, 
53]. Salts containing NO−

3 ions were applied as starting materials and stearic acid 
was used as a solvent. The molar ratio of zirconia and lanthanide oxide was chosen 
equally [54]. 

In another study, Zinatloo et al. [55] employed modified sol–gel approach to 
synthesize Dy2Sn2O7–SnO2 nanocomposite by increasing C9H6O6 (trimesic acid) 
in stannic chloride pentahydrate and dysprosium(III) nitrate pentahydrate solutions 
at 623 K within 120 min. They studied different effects of stabilization substances 
and calcination process temperature on the dimensions and size of dysprosium 
stannate-stannic oxide nanocomposites. The schematic diagram of the production 
of Dy2Sn2O7–SnO2 nanostructures is shown in Fig. 3. 

Salehi et al. also produced Dy2Ce2O7 nanostructure using cerium (IV) ammonium 
nitrate and dysprosium nitrate [31] and reported the effect of kind of the connecting 
agent and the chelating material on the particle morphology and size of dyspro-
sium cerate. The schematic diagram of the production of Dy2Ce2O7 nanostructure 
is depicted in Fig. 4.

Fig. 3 Schematic diagram for the production of Dy2Sn2O7–SnO2 nanostructure [55] 
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Fig. 4 Schematic diagram of the production of Dy2Ce2O7 nanostructure [31] 

In another study, Zinatloo et al. prepared Nd2Sn2O7 nanostructure through an 
easy, novel, and low-temperature method by pomegranate juice [56]. Initially, the 
appropriate content of the juice of pomegranate as the new fuel was mixed into the 
solution containing SnCl4·5H2O and Nd(NO3)3 in water, and the obtained mixture 
was mixed at 45 °C within 20 min. Further, the viscous gel was dried via the evapo-
ration of the ultimate mixture. Afterward, the calcination process was carried out at 
500 °C within 4.5 h. The results demonstrated the effect of the important variable, 
production temperature, on the adjustment of particle’s morphology, composition, 
and purity of Nd2Sn2O7. Schematic diagrams for the creation of Nd2Sn2O7 and field 
emission scanning electron microscope (FESEM) images of oxide nanostructures 
prepared at different temperatures are displayed in Figs. 5 and 6 [56].

Salavati-Niasari et al. also fabricated neodymium zirconate (Nd2Zr2O7) ceramic 
by a modified sol–gel method by applying succinic acid (C4H6O4) as stabilization 
material as well as propane-1,2-diol and (C8H23N5) as a pH controller at temperature 
700 °C within 240 min [57]. They investigated the effect of the kind of the pH regu-
lator and propane-1,2-diol concentrations on the size and dimensions of neodymium 
zirconate and observed that these factors could be significantly effective in deter-
mining the morphology of Nd2Zr2O7 ceramics. Furthermore, Salavati-Niasari et al. 
synthesized lanthanide-based oxide Pr2Zr2O7 using a facial approach with C3H8O2
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Fig. 5 Schematic diagrams for the production of Nd2Sn2O7 [56]

as the connecting agent and C9H6O6 as the stabilization structure at a low-thermal 
treatment [58]. 

Salavati-Niasari et al. produced Nd2Zr2O7 nanoparticles via a modified Pechini 
route using succinic acid (C4H6O4) as the capping agent and propane-1,2-diol as the 
connecting agent at 973 K for 4 h [57]. They studied the effect of the kind of acidity 
regulator and propane-1,2-diol dosage on the particle’s morphology of neodymium 
zirconate and found that the investigated parameters have a remarkable effect on 
adjusting the dimensions and shape of neodymium zirconate. Figure 7 displays the 
schematic diagram of the fabrication of neodymium zirconate ceramic.

In addition, Salavati-Niasari et al. provided praseodymium zirconate nanostruc-
tures using a facile method with benzene tricarboxylic acid as the stabilization agent 
in the presence of C3H8O2 as the cross-linking agent at low temperature [58]. Their 
results indicated that the particle’s morphology and crystallinity of praseodymium 
zirconate nanostructure were controlled by altering the kind of the stabilization 
agent. The FESEM images of the prepared Pr2Zr2O7 nanostructures utilizing various 
carboxylic acids are depicted in Fig. 8. Salavati-Niasari et al. also synthesized 
Nd2Zr2O7–Nd2O3 nanocomposite with an easy modified Pechini approach using 
salicylic acid as a novel chelating agent [17].
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Fig. 6 FESEM images of samples 1, 2, and 3 produced at 700 (a and b), 600 (c), and 500 ºC (d), 
respectively [56]

2.6 Other Preparation Approaches 

2.6.1 Molten Salt Synthesis 

In the molten salt route, the solution of raw materials can be simplified with dissolv-
able agents in the molten salt solution, and thus the reaction is conducted at a relatively 
low temperature [59, 60]. Huang et al. also fabricated lanthanum zirconate pyrochlore 
via the molten salt method utilizing zirconium dioxide and lanthanum oxide as the 
starting materials in the presence of sodium chloride (NaCl), potassium chloride 
(KCl), and sodium fluoride (NaF) mixture as the reaction solution at 1100 °C within
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Fig. 7 Schematic diagram of fabrication of neodymium zirconate nanostructure [57]

180 min [61]. They investigated the effect of parameters such as process temperature 
and the salt to raw material ratio on the production of Ln2Zr2O7. 

2.6.2 Co-ions Complexation Method 

Xu et al. produced lanthanum zirconate pyrochlore via the co-ions complexation 
technique at 1300 °C. The method was applied based on three steps. Firstly, solidi-
fication through the construction of the complexed compound including zirconium 
acetate and lanthanum acetate, then lyophilization, and finally, the thermal treatment 
process known as calcination [62].
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Fig. 8 FESEM images of the samples synthesized in the presence of the salicylic acid (a and b), 
maleic acid (c and d), succinic acid (e and f) [58]
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2.6.3 Cathode Plasma Electrolysis 

Liu et al. prepared Ln2Zr2O7 ceramic with both pyrochlore and fluorite structures 
utilizing plasma electrochemical decomposition in the electrolyte of Zr(NO3)4 and 
La(NO3)3 in the absence of thermal treatment [63]. 

2.6.4 Precursor Route 

Payne produced Nd2Zr2O7 nanostructure utilizing a precursor route. To achieve the 
end, an aqueous solution was provided through combining neodymium nitrate and 
zirconium (IV) oxynitrate. Then, ammonium hydroxide was added to fabricate the 
gel structure. Additionally, the obtained gel compound was subjected to mixing, 
washing, drying, and then annealing operations. In this route, structure conversion 
from fluorite to the pyrochlore was observed at high temperatures after the annealing 
process [64]. 

2.6.5 Chemical Solution Deposition 

Ln2Ce2O7 nanostructures with different structures were produced via chemical solu-
tion deposition. The nanopowders were obtained via pouring 15 mL of the starting 
material solution into an aluminum oxide crucible close to a hot furnace. The wet 
gel structure was formed at 1000 °C for 4 h [65]. 

2.7 Advantages and Disadvantages of Fabrication Methods 

The advantages and disadvantages of every fabrication method were briefly reviewed 
in this chapter. Several synthesized samples have been produced through different 
routes using the Zinatloo research group. There are different chemical methods to 
prepare the rare-earth-based mixed-metal oxides with remarkable characteristics. 
In the wet chemistry method, initial structures are combined, and therefore, the 
target nanostructures have desirable structural homogeneity. However, the solid-
state reaction method is one of the above-mentioned methods that can lead to 
unsuitable features of synthesized nanoparticles, including undesirable control of 
size and particle morphology, and nonhomogeneity of the composition [20]. In the 
hydrothermal approach, formation of homogeneous nucleation reactions is a notable 
benefit that can lead to the production of nanostructures with favorable dimensions 
without needing the calcination process. Moreover, the formation rate of rare-earth-
based mixed-metal oxides is slow thus the amount of thermal energy at low temper-
ature is essential after the hydrothermal stage for running the solid-state reaction 
[66]. The combustion method can result in nanostructure formation with excellent 
purity, appropriate morphology, and uniform composition. However, the control of
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combustion is difficult. Additionally, the combustion reaction can cause the aggrega-
tion of the obtained particles at high temperatures [35]. The co-precipitation method 
can lead to the production of excellent purity combinations with a uniform structure 
due to low temperature although the obtained nanomaterials have large dimensions. 
Accordingly, a grinding stage is necessary for creating a powder with appropriate 
morphology [18, 67]. The sol–gel technique is a suitable method for the structural 
and compositional controlling of the mixed-metal oxides that were produced via a 
calcination process with a fine size [68]. Since the kind of preparation approach 
can be very effective in regulating the features of photocatalytic nanopowders and 
thus its performance. Hence, the selection of an appropriate technique to produce 
nanopowders with the fine particle size, high uniformity, and good purity can be 
very helpful. In addition, energy consumption and economic prospects are notable 
for selecting the fabrication strategy. Thus, for large-scale applications, the usage of 
a simple, reproducible, and environmentally friendly approach to fabricate photo-
catalytic nanopowders with superior efficiency can be necessary. In the next section, 
we summarize the applications of rare-earth-based mixed-metal oxide. 

3 Application of Rare-Earth-Based Mixed-Metal Oxide 
Nanostructures 

Mixed-metal nanostructures have commonly been admitted as a considerable cate-
gory of chemical catalysis employed for the decomposition of organic contaminants 
and wastewater treatment [25, 69, 70]. The number of photocatalysts having effi-
cient and outstanding capability is still restricted, thus the design and improvement 
of photocatalysts can play an essential role in the degradation of organic pollu-
tants, wastewater treatment, and water purification [68, 71]. In recent studies, rare-
earth-based mixed-metal oxide nanostructures have been offered as an appropriate, 
impressive, and engaged alternative of heterogeneous photocatalyst owing to their 
great ability for photodegradation and high stability [58, 72–74]. It has been illus-
trated that the photocatalytic role of Ln2B2O7 (B=Zr, Ce, Sn, and the like) structures 
largely relies on their morphology, purity, shape, and amount of the surface area. 

3.1 Rare-Earth-Based Mixed-Metal Oxide Nanostructures 
as Photocatalyst 

Studies have been conducted on the elimination of ability dysprosium cerate 
(Dy2Ce2O7) produced with the extract of comosus pineapple for eriochrome 
black T degradation under visible radiation. There is no decomposition without 
applying visible light or samples of dysprosium cerate. They observed that 91.7% 
photocatalytic efficiency occurs within 1 h [41].
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Tong et al. applied Ln2Zr2O7 (Ln=La and Nd) ceramics as photocatalysts with 
a concentration of 1 g/L for the degradation of the methyl orange with a concen-
tration of 20 mg/L under ultraviolet (UV) radiation by a mercury lamp [20]. The 
results demonstrated that the solar photocatalytic performance of the methyl orange 
contaminant activated with La2Zr2O7 nanocrystals for 1 h was greater than that of 
neodymium zirconate pyrochlore. The lanthanum zirconate metal oxide structures 
could exert a strong catalytic role due to their better purity and wide catalytic surface. 

In another research, the photocatalytic proficiency of Ln2Zr2O7 (Ln=La, Nd, 
Sm, Dy, and Er) nanoparticles was also evaluated by the photodecomposition 
of the methyl orange organic pollutant under ultraviolet light for 2 h [54]. The 
results demonstrated that the photocatalytic efficiency of Ln2Zr2O7 nanopowders 
is strongly associated with the kind of lanthanide elements, increasing in the order of 
lanthanum > samarium > erbium > neodymium > dysprosium. The photodegrad-
able performance of Y2Zr2O7 ceramic structure, produced at various tempera-
tures by Tong et al., was compared based on methyl orange destruction under UV 
light in 120 min [53]. The outcomes indicated that the catalytic yield decreased 
by the improvement of calcination temperature owing to the diminution in the 
surface area. In another investigation, Bai et al. evaluated the photocatalytic output 
of (LaxFe1-x)2Zr2O7 ceramic by the photocatalytic degradation of methyl orange 
contaminant under UV light for 2 h [75]. Based on the results, the activity of rare-
earth zirconate ceramic structures could be enhanced by Fe doping. In addition, 
(La0.9Fe0.1)2Zr2O7 operated as the most proper photocatalyst due to the desired 
value of the doped iron. Similarly, Wang et al. utilized the samarium zirconate 
(Sm2Zr2O7) nanocrystal with a concentration of 0.05 g/L for the photodecompo-
sition of the congo red contaminant under Xenon lamp radiation [30]. The results 
indicated that the synthesized nanostructures could degrade more than three-quarters 
of congo red contaminant at 30 min and prove the better photocatalytic function rather 
than bulk-samarium zirconate due to the improper morphology and large surface. 
Likewise, Liu et al. used La2Zr2O7 microspheres with a concentration of 1 g/L for 
the photodegradation of methyl orange contaminant with the loading of 20 mg/L 
under visible radiation. The photodegradation efficiency of methyl orange was acti-
vated with La2Zr2O7 ceramic structure near 50% within 1 h. Salavati-Niasari et al. 
have recently presented praseodymium zirconate (Pr2Zr2O7) as a novel photocat-
alytic nanostructure with similar or greater performance compared to those currently 
known nanostructures. Salavati-Niasari et al. also investigated the influence of some 
factors such as the morphology of praseodymium zirconate nanostructures, type of 
pollutant, and type of radiation (UV or visible light) on the photoactivity yield [58]. 
The outcomes revealed that the formed praseodymium zirconate ceramics with fine 
dimensions had great ability to be used as a new, efficient, and desirable kind of 
photocatalyst under visible and UV lights for the removal of organic contaminants. 
The solar photoactivity outcomes of praseodymium zirconate ceramics are displayed 
in Fig. 9.
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Fig. 9 a The photocatalytic efficiency of Pr2Zr2O7 nanostructures (sample No. 8) on decomposition 
of various contaminants (cationic and anionic types), b The photocatalytic performance of the 
prepared Pr2Zr2O7 nanostructures (sample Nos. 5 and 8), c The influence of the dosage of the 
nanostructured Pr2Zr2O7 (sample No. 8) on the methylene blue decomposition percentage and 
d The photocatalytic performance of the nanostructured Pr2Zr2O7 (sample No. 8) under UV and 
visible lights [58] 

The prepared Nd2Zr2O7 nanostructures by Salavati-Niasari et al. were applied for 
the photocatalytic decomposition of erythrosine and eriochrome black T contami-
nants under UV radiation [57]. Eriochrome black T and erythrosine photodecom-
position were measured to be 84% and 88% for 50 min, respectively. The results 
showed that nanostructured neodymium zirconate produced by succinic acid as a 
new stabilization structure and propane-1,2-diol with fine crystalline dimensions 
could be employed as a favorable photocatalyst type under UV radiation. Figure 10 
illustrates the photocatalytic erythrosine degradation of Nd2Zr2O7 nanoparticles 
and the recovery examinations of the synthesized Nd2Zr2O7 nanostructures for the 
decomposition of erythrosine under UV light.

Nd2Zr2O7–ZrO2 nanocomposites were prepared using Salavati-Niasari et al. for 
the photodecomposition of methylene blue and 2-naphthol as water pollutants under 
ultraviolet light [76]. Neodymium zirconate-zirconium dioxide mixed-metal oxide 
nanostructure with a lower energy gap indicated desired photocatalytic efficiency 
rather than the nanostructured ZrO2. The recombination rate of charges could be 
reduced due to the content of lower energy gap. The reactions performed to degrade
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Fig. 10 (left) Photocatalytic erythrosine degradation of the created Nd2Zr2O7 nanostructures and 
(right) recovery tests of the produced Nd2Zr2O7 nanostructures for decomposition of erythrosine 
under UV light [57]

methylene blue and 2-naphthol as water pollutants can be considered as follows: 

Nanostructured photocatalyst + hν → Nanostructured photocatalyst∗ + e− + h+ 

(1) 

h+ + H2O → OH. (2) 

e− + O2 → O−. 
2 (3) 

OH. + O2−. + Methylene blue or 2-naphthol → Degradation products (4) 

Photocatalytic methylene blue and 2-naphthol destruction of the formed 
neodymium zirconate-zirconium dioxide nanocomposites and nanostructured zirco-
nium dioxide are depicted in Fig. 11.

In Table 1, the solar photocatalytic applications for several lanthanide-based 
nanostructures especially Ln2B2O7 category are summarized.
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Fig. 11 Photocatalytic (left) methylene blue and (right) 2-naphthol decomposition of the formed 
Nd2Zr2O7–ZrO2 nanocomposites and nanostructured zirconium dioxide [76]

Table 1 Rare-earth-based mixed-metal oxide nanostructures for photodegradation of different 
pollutants 

Nanostructure Fabricating 
method 

Light source (W) Pollutant 
(Degradation (%), time duration (min)) 

Reference 

Nd2Zr2O7–ZrO2 Modified Pechini Mercury lamps (400) Methylene blue (85, 50) [76] 

Dy2Ce2O7 Green method Osram lamps (125) Methylene blue (92.8, 70) [77] 

Pr2Ce2O7 Pechini Mercury lamps (400) Methyl orange (92.1, 50) [78] 

Nd2Sn2O7–SnO2 Combustion Osram lamps (125) RhB (88.7, 70) [79] 

Nd2Sn2O7 Green method Osram lamp (125) Methyl violet (96.7, 70) [56] 

Dy2Ce2O7 Green method Osram lamps (125) Eriochrome black T. (91.7, 60) [41] 

4 Conclusion 

This chapter includes the last advances relevant to fabrication methods and solar 
photocatalytic applications of rare-earth-based mixed-metal oxides. Many tech-
niques have been presented for the production of Ln2B2O7 and A2B2O7 nanostruc-
tures owing to the technical importance of this category of nanomaterials. Various 
morphologies of rare-earth-based nanostructures have been obtained by different 
methods. These nanostructures have been reported as a considerable, useful, and 
functional type of heterogeneous photocatalyst in recent years. According to liter-
ature, the photocatalytic performance of Ln2B2O7 nanostructures strongly relies 
on their particle morphology, crystallinity, and surface area. Extremely limited 
numbers of routes have been presented for the creation of rare-earth zirconate struc-
tures with more favorable properties for photocatalytic applications. Furthermore, 
Ln2B2O7 nanostructures have been used for the elimination and decomposition of 
limited number of contaminants. Thus, easy and economic methods should be further
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evaluated to produce rare-earth-based structures with more favorable properties as 
photocatalysts for the degradation and removal of different pollutants. 
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Electrophoretic Deposition 
of Hydroxyapatite Incorporated 
Composite Coatings on Metallic 
Substrates: A Review 
of the Fundamentals 

Sandeep Singh, Gurpreet Singh, and Niraj Bala 

Abstract The electrophoretic deposition (EPD) of hydroxyapatite (HA) ceramic 
material is an effective strategy for a wide range of biomedical applications. This 
review chapter encompasses an overview of the fundamental and technical aspects of 
EPD approach, factors influencing the deposition process, suspension preparation, 
control of suspension mechanism, and deposition of composite coatings obtained by 
EPD. This review comprehensively analyzes the kinetics involved in EPD of HA-
reinforced coatings, and the different factors such as applied voltage and deposition 
time, which can influence the surface morphology, corrosion behavior and in vitro 
bioactivity assessment. The parameters are described based on the up-to-date detailed 
overview of the recent research development in the area of EPD coated HA composite 
coatings on various metallic substrates. 

Keywords Electrophoretic deposition · Hydroxyapatite coating ·Metallic 
substrates 

1 Introduction 

EPD is a promising technique for colloidal coating processes. Figure 1 represents a 
schematic mechanism of an EPD unit. Under the effect of electric field, the charged 
particles dispersed in a fluid travel toward the electrode and deposit [1, 2]. Based on 
surface charge, two forms of EPD can be described. If the particles are positively 
charged, they will be attracted to the cathode, and the mechanism is known as cathodic 
EPD. On the other hand, if the particles are negatively charged, they will be attracted
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Fig. 1 Schematic diagram of EPD of charged particles with electrodes. Reprinted from Ma et al. 
[4], with permission from Elsevier. Copyright (2018) 

to the anode and this mechanism is called anodic EPD. A current will flow between 
the electrodes under the application of a potential (Fig. 1). The current magnitude 
that flows is affected by the number of parameters, such as the solution conductivity, 
electrochemical kinetics and the cell constant. The suspension electric field strength 
(E) is analogous to the current density (J) and the suspension conductivity (k), and 
these three parameters are represented by Ohm’s law (J = kE) [3]. 

Basic EPD is developed from organic suspensions which have many advantages 
like suspension chemical stability, low conductivity, and avoidance of the electro-
chemical reactions. This contributes to the formation of better quality coatings. 
However, the use of organic solvents is combined with several problems such as 
volatility, cost, flammability, and toxicity. Additionally, an organic solvent has less 
dissociation energy; this produces a limited particle charge density. Therefore, high 
electric field strengths are needed to transfer the particles toward the electrode [5]. 

The main application of EPD in the field of biomaterials has been the production of 
HA coatings on metallic substrates, where scientists intend to improve the bioactivity 
of surfaces and thereby facilitate the implants integration through surrounding tissues. 
As the main component of bone, HA demonstrates prominent osteoconductivity and 
biocompatibility [6], and has been extensively studied as effective a coating for bio-
implants. It is easy to regulate the deposited HA thickness and stoichiometry over a 
broad range through EPD by adjusting processing parameters such as voltage, time 
and concentration. However, HA coatings are typically subjected to cracking during 
sintering process [7]. It was documented that implants failure occurs due to the 
increased degradation rate of HA coating, which decreases the implant’s long-term
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stability in the body environment [8]. Palanivelu et al. [9] reported that the HA-
reinforced coatings have a better ability to increase the implant’s life relative to the 
pure HA coating. In order to refine the HA coating properties, various incorporations 
had been analyzed in combination with polymer and ceramic phases like zinc oxide 
[10], silica [11], iron oxide [12], titanium oxide [13], polylactide [14], chitosan 
[15], and polycaprolactide [16]. In this chapter, we have considered the benefits of 
EPD processing, the specific and adaptive biological functions of HA, and the HA 
composite coatings incorporated on different substrates. Specific attention is paid 
to discuss the effects of particular EPD parameters such as voltage, and deposition 
time on surface morphology, corrosion resistance, and in vitro bioactivity of HA 
composite coatings. 

2 Effects of EPD Parameters on Coatings 

The EPD process works on the principle of electrophoresis mechanism in which the 
movement of charged particles starts between the electrodes due to the effect of the 
applied electric field. The EPD method involves two types of group parameters: (a) 
suspension parameters (such as particle size, suspension conductivity, viscosity, and 
zeta potential), and (b) process parameters (such as voltage, time). The effects of 
these parameters are discussed in detail in the following sub-sections. 

2.1 Suspension Parameters 

Numerous parameters should be considered to understand the suspension properties 
such as powder surface properties, additive concentration (mainly dispersant), the 
influence of the type of additives, and physio-chemical nature of both liquid medium 
and suspended particles. 

2.1.1 Particle Size 

To mention the relevant particle sizes for EPD, there was no general thumb rule. The 
primary issue with greater sizes is that the particles contribute to sediment due to 
the gravitational forces resulting in thick deposits in vertical cells at the base, and 
thin films on top. Similarly, very fine particles tend to aggregate and thus produce 
non-uniform deposits [17].
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2.1.2 Suspension Conductivity 

In EPD experiments, the conductivity of suspension plays a vital role. It has been 
reported that the motion of particles was low if the conductivity is too high [18]. 
On the other hand, the stability of particles was lost if the suspension was too 
resistive, because of the electronically charged particles. The conductivity increases 
by enhancing the applied current in the suspension [18]. It is necessary that the 
conductivity lies within the suitable range for the successful assessment of the EPD 
process. 

2.1.3 Suspension Viscosity 

To examine the dispersion rate, the viscosity property cannot be considered due to the 
negligible use of solid particles for the EPD process [19]. However, low conductivity, 
high dielectric constant, and low viscosity are some of the desired properties for 
suspension stability. 

2.1.4 Zeta Potential 

In the EPD process, the zeta potential plays a pivotal role in acquiring a uniform 
charge of suspended particles. The different role of zeta potential in the fabrication 
of coating is as follow: (a) Determining the superficial behavior of powder when 
suspended in aqueous media. (b) Determining the movement and direction of parti-
cles in suspension. (c) Resolving the interaction between particles by stabilization 
of the suspension [20]. 

2.1.5 Suspension Stability 

Electrophoresis is the occurrence of particles motion in a colloidal solution under 
the effect of an electric field. There are generally two types of colloidal particles in 
suspension. Firstly, the particles having sizes of 1 µm or less in diameter, where these 
particles sustain in suspension for a longer period due to Brownian effect only [21]. 
Secondly, particles having sizes more than 1 µm, where the hydrodynamic agitation 
is required. The two major factors which characterize the suspension stability are 
settling rate and aptness to undergo flocculation [22]. Mori et al. [23] reported that 
the suspension was not stable until it shows no tendency to; flocculate, make adhering 
deposit, and settle down slowly at the bottom of the container.
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Fig. 2 Weight of deposited 
coating (hydroxyapatite on 
Ti-6Al-4V substrate) versus 
the applied voltage for 
different periods: a 30 s, and 
b 120 s. Reprinted from 
Besra and Liu [29], with 
permission from Elsevier. 
Copyright (2007) 

2.2 Process Parameters 

2.2.1 Effects of Applied Voltage 

In the EPD process, it is generally considered that the increase in applied voltage 
enhances the amount of deposition. However, higher voltage leads to film roughness 
[24], wrinkling, bubble formation, heterogeneity in the surface of the coating, and 
generates porosity [25]. Figure 2 depicts the deposition of HA coating on Ti-6Al-
4V substrate. It was observed that the weight deposited increases by enhancing 
the applied voltage, but it can also affect the quality of the coating. Basu et al. [26] 
reported that the film deposited was more uniform, at a potential in the range (25–60) 
V/cm, whereas the crack occurs in the coating if the applied voltage was more than 
60 V/cm. The non-uniformity of film originates at high voltage due to the anisotropy 
of the electric field on the substrate. Due to this reason, the deposition of particles 
takes place at the edges [27] of electrodes and generates aggregates in suspension 
[28]. 

It should also be noticed that too low voltage will not improve the film quality. 
On the other hand, more increase in applied voltage leads to the formation of the 
porous structure. Tabesh et al. [30] analyzed the porosity increase for HA-reinforced 
composite coatings by increasing the voltage from 5 to 40 V/cm, and concluded that 
the applied voltage plays an important role in the porosity of deposited composite 
coatings. 

2.2.2 Effect of Deposition Time 

The microstructure of electrophoretically deposited HA composite coatings is also 
affected by another important parameter, i.e., deposition time [31–33]. Karimi et al. 
[34] reported that the surface roughness of HA films enhanced with longer deposition 
time due to the agglomeration of particles in suspension. Similarly, in the earlier
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Fig. 3 Current density 
against deposition time of 
HA coating at different 
voltages a 10 V; b 20 V; 
c 30 V. Reprinted from Besra 
and Liu [29], with 
permission from Elsevier. 
Copyright (2007) 

studies [35, 36] it was also observed that the non-uniform thick layer and porosity 
occurred on the surface of the substrate with longer deposition time. 

From Fig. 3 it was revealed that at a constant voltage EPD, the effect of electric 
field on electrophoresis decreases with an increase in the deposition time due to the 
generation of particles insulating layer on the surface of electrodes. But during the 
starting phase of the process, the relationship between mass deposition and time was 
linear. 

2.2.3 Effects of Gap Between Electrodes 

The gap between electrodes plays an important role in the electrophoretic deposition 
process. If the gap is too large there were no depositions due to the resistance offered 
by an electrolyte. On the other hand, if the gap was too small, there were inconve-
niences to a current flow in the electrolyte. Based on Table 1, many of the researcher’s 
maintain a gap within the range of 10–20 mm between the main and counter elec-
trode [37]. The use of counter electrode in the EPD process provides potential to 
the working electrode within the suspension medium. To keep the counter electrode 
dissolving in suspension medium it is usually made of inert material such as graphite 
on noble metal [38].

2.2.4 Effects of Post-EPD Treatment 

For post-EPD treatment of HA-reinforced coatings, different results have been 
reported by various researchers. The earlier studies on HA composite coatings have 
shown that the heat treatment leads to surface smoothing, compaction, and reduc-
tion of the interlayer spacing between the coating and substrate by removing the 
trapped water molecules. In addition, the formation of crevices [39], flaky surfaces, 
and protruding composite coating edges are also outcomes of post-EPD treatment.
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However, at high temperature (above 1200 °C), the dimensions of the substrate 
change, and the result is shrinkage of the coating [40]. Therefore cracks occur in the 
coating. During the cooling process, additional cracking occurs due to the difference 
between thermal expansion coefficients of the sintered coating and the substrates. 
Other problems that occur at high temperatures are oxidation and phase transfor-
mations between the coatings and substrate [41]. These problems can be eliminated 
by selecting a suitable range of temperatures (550–800) °C for post-EPD treatments 
[42]. Another alternative to avoid these troubles is by the development of inor-
ganic-polymer composite coatings. The use of polymer involves processing at low 
temperature and avoiding the inconvenience of heat treatment process [43]. 

3 EPD on Metallic Substrates with Hydroxyapatite 
Reinforced Composite Coatings 

Table 1 lists a chronological summary of recent studies (2007–2020) of HA-based 
composite coatings fabricated by EPD and brief description of their surface properties 
such as surface morphology, corrosion behavior [in terms of corrosion current density 
(Icorr) and corrosion potential (Ecorr)] and bioactivity assessment. From the analysis 
of the literature review it was observed that different parameters such as voltage, 
deposition time can influence the surface properties of HA-reinforced composite 
coatings which are discussed below: 

The discussion of Table 1 on coating structure, corrosion behavior and in vitro 
bioactivity results obtained for HA-based coatings developed by EPD. 

Stojanovic et al. [44] developed the HA coating on Ti-6Al-4V alloy using EPD. 
HA particles suspension was formulated by the stirring of 0.5 g of HA in 100 ml 
ethanol. The effect of EPD parameters, i.e., voltage (30, 50 and 75 V) and time (2, 5 
and 10 min) on coating morphology and deposited weight were determined. It was 
observed that raising the applied voltage leads to more deposition yields. Figure 4 
shows the relationship of the deposited weight against time and voltage.

The coating was performed at 30 V and 5 min and was found to be optimal 
compared to 50 and 75 V. It was found that although the coating thickness was 
enhanced at higher voltage, cracks formed in the coating. Figure 5 depicts the 
surface morphology of coatings developed by EPD at 30 and 50 V. Therefore, it 
was concluded that by regulating the voltage and time, the weight and thickness of 
coating can be controlled.

Balamurugan et al. [45] formulated a BG-HA composite coating on Ti-6Al-4V 
by EPD. The prepared coatings have been characterized for their structural and 
electrochemical properties. The coatings produced at 20 V contributed to irregular 
coatings, while the coatings processed for 70 V and 5 min were thicker and extremely 
porous. The possible mechanism is a spontaneous deposition of particles that are 
loosely packed and isolated by a more volume fraction of porosity, resulting in
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Fig. 4 a Dependence of deposited coating weight on deposition voltage at constant time of 10 min. 
b Dependence of deposited coating weight on time at a voltage of 75 V and c Dependence of 
deposited coating weight on time at constant voltage of 30 V. Reprinted after Stojanovic et al. [44], 
with permission from Elsevier. Copyright (2007)

the formation of inter-particle cracks and eventual detachment of particles from 
the substrate. The Ecorr and Icorr for Ti-6Al-4V were −0.97 V and + 0.32 A/cm2, 
respectively. For HA, bioglass (BG), and BG-HA-coated samples under 70 V for 
5 min, the  Ecorr values were observed to be (0.325 ± 0.5) V, (0.380 ± 0.5) V, 
and (0.475 ± 0.5) V, while the values of Icorr were 0.60, 0.33, and 0.22 A/cm2,
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Fig. 4 (continued)

Fig. 5 a Coating obtained by EPD at 75 V and 10 min, and b coating obtained by EPD at 30 V 
and 5 min. Reprinted after Stojanovic et al. [44], with permission from Elsevier. Copyright (2007)

respectively. However, the Ecorr of BG-HA-coated samples at 30 V, 50 V, 60 V, and 
90 V persisted at (0.171 ± 0.5), (0.264 ± 0.5) V, (0.410 ± 0.5) V, and (0.388 ± 0.5) 
V, implying that the optimum coating potential varies from 50 to 70 V. The Ecorr for 
all the coated samples was observed to be more noble relative to the Ti-6Al-4V, thus 
demonstrating improved corrosion resistance. 

Zhitomirsky et al. [46] investigated the fabrication of BG-HA-CS and BG-HA-
alginate coatings by EPD. EPD was performed at (10–30 V) in an electrolyte 
containing 0–2 g/L BG and 0–1 g/L HA. Coatings performed at 10 V were uniform
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and crack free, however porous structure observed at 30 V. Due to the use of poly-
mers like chitosan (CS) and alginate, problems related to the sintering of BG and 
HA coatings on the metallic substrate are avoided. In addition, ambient temperature 
processing allows the integration of other functional materials as reinforcements into 
the coatings. The examples are signaling of cell biomolecules or antibiotic agents may 
be applied to the polymer and thereby homogeneously integrated into the polymer 
matrix. 

Kwok et al. [47] fabricated HA coatings with and without carbon nanotubes 
(CNTs) on Ti-6Al-4V. The corrosion and in vitro bioactivity properties of the HA-
coated specimens were evaluated. The coating was crack free having 10 µm thick-
ness, and deposited at 200 V for 30 min. The coated samples were more resistant to 
corrosion than the substrate. This enhancement was endorsed by a noble shift in the 
corrosion potential and a lower Icorr . Besides, after soaked in Hanks’ solution for 
4 weeks apatite was formed on the HA coatings, showing high bone bioactivity. 

Zhang et al. [48] developed HA coating with different concentrations of CNTs 
(4–25%) by EPD on Ti-6Al-4V substrate to increase the bone bioactivity and osteoin-
tegration with metallic implants. Cathodic EPD was performed under a current of 
2 mA and deposition time of 8 s. No cracks were observed on the surface of coated 
samples with 10% of CNTs. As the content of CNTs increased, cracks and pores were 
observed, which leads to decline in the corrosion rate. Among the coated samples, 
the HA-10% CNTs coating possessed the highest corrosion resistance and prominent 
bone bonding ability. 

Bai et al.  [49] synthesized carbon nanotube-hydroxyapatite (CNT-HA) compos-
ites by chemical method before an EPD process. EPD was performed at 10, 20, and 
40 V, and the deposition time varied from 0.5 to 8 min. 

The surface morphologies of the CNTs–HA coatings appeared similar and contain 
micropores. The coating thickness was 10, 18, and 34 µm at 10, 20, and 40 V. 
The morphology was alike at different voltages, however, the low magnification 
micrographs reveal that the morphologies were actually different. At 40 V, the coat-
ings have more cracks, relative to the lower voltages (i.e., 10 and 20 V). The crack 
formation at a high voltage occurs due to the evolution of hydrogen at the cathode. 
Figure 6 compares the surface morphologies at higher and lower magnification 
obtained at different voltages. Therefore, it was concluded that crack free coatings 
were attained at a voltage of 20 V, which provide effective corrosion protection and 
good biocompatibility.

Bai et al.  [50] fabricated HA-TiO2 coating on Ti by micro-arc oxidation (MAO) 
combined with EPD with various amounts of HA particles. The EPD was conducted 
at 165 V for 5 min. Without the incorporation of HA particles to the electrolyte, the 
samples exhibited a rough and porous TiO2 layer developed by MAO on the surface 
of Ti. Figure 7 shows the surface morphology at different concentrations of HA 
particles. It was found that the samples produced at lower HA concentration contain 
a number of pores.

The coating surface was less porous as the concentration of HA raised to 20 g/ 
L. The sample developed at 5 g/L HA concentration revealed the highest corrosion 
resistance and better formation of apatite layer over the entire surface.
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Fig. 6 Scanning electron microscope (SEM) images of the CNTs-HA coatings produced at 8 min 
duration with voltages: a 10 V; b 20 V, and c 40 V. Reprinted from Bai et al. [49], with permission 
from Elsevier. Copyright (2010)

Abdeltawab et al. [51] produced HA coating on Ti substrate by EPD. The effect 
of applied voltage (20–140 V) and time on deposition rate, thickness, and structure 
of coating were studied. From the analysis of results, authors observed that, at higher 
applied field, turbulence takes place in the suspension and the deposition process 
may be affected by the flow disturbance in the surrounding medium. The reason may 
be the fast movement of particles in the suspension as they cannot get adequate time 
to find the appropriate positions to develop a close-packed structure. Figure 8 depicts 
the weight of the deposit, and the thickness as a function of applied voltage.

Although powders may be deposited rapidly if larger applied fields are used, 
the performance of the deposit can be affected. The particle size increases with 
more applied voltage as observed from the SEM images of Fig. 9. No cracks were 
detected at 20 and 30 V voltage, and the coating was found to be smooth. Nonetheless, 
marginally larger particles have been found in coatings processed at 40 and 60 V
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Fig. 7 Surface morphology of Ti (a), and coated samples with HA concentration of b 0 g/L,  c 5 g/  
L, d 10 g/L, and e 20 g/L. Reprinted from Bai et al. [50], with permission from Elsevier. Copyright 
(2011)
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Fig. 8 a Weight of HA deposited, and b HA coating thickness versus voltage at constant time 
duration 5 min. Reprinted from Abdeltawab et al. [51], with permission from Elsevier. Copyright 
(2011)

voltages. Besides, small cracks (40 V) and some larger cracks (60 V) were detected 
on the surface of coatings.

Mohan et al. [52] investigated the corrosion behavior of TiO2 + 50% HA-coated 
Ti-13Nb-13Zr alloy. A thin coating was attained by EPD at 30 V followed by sintering 
at 850 °C. The microstructures of the sintered and unsintered samples were evaluated 
by optical microscopy. The SEM-EDAX results exhibited that the sample sintered 
at 850 °C was densely packed. The unsintered coating exhibited a large number 
of partially bonded composite particles. The HA-TiO2 sample depicted a lower 
corrosion rate and nobler passive potential relative to the Ti-13Nb-13Zr sample. 

Sreekanth and Rameshbabu [53] developed magnesium oxide and hydroxyap-
atite (MgO/HA) coating on AZ31 Mg alloy to control the biodegradability rate. The 
coating was produced via hybrid method coupled with plasma electrolytic oxidation 
(PEO) and EPD. Degradation of HA coating was examined by performing electro-
chemical tests (pH 4.5), replicating the osteoblast resorption condition in vitro and 
also in the SBF environment (pH 7.4). The corrosion rate of composite coating has 
demonstrated a significant increase at pH 4.5. However, smaller improvement was 
observed at a pH of 7.4. This can be ascribed to the existence of Cl− ions in SBF 
which may be accountable for corrosion at a pH of 7.4. There was also no major 
difference in the electrolyte pH during electrochemical testing in both 7.4 pH and 4.5 
pH solutions. The analysis of results revealed that the MgO/HA coating substantially 
enhanced the corrosion protection of Mg alloy under both environments. 

Maleki-Ghaleh et al. [54] developed HA coating on NiTi alloy via EPD. A stable 
suspension was made by the addition of 80 g/L HA powder to butanol. EPD was 
conducted at a different voltage (40, 60, and 80 V) in 120 s. It has been shown 
that the specimen coated at 60 V has a dense coating. Figure 10 displays the SEM 
morphology of HA coating at three different voltages.

As shown in Fig. 10, the coating at 60 V consists of dense and smooth coating 
whereas the coating at 80 V results in a coating with large pores. The findings of the 
SBF immersion test showed that the sample coated at 60 V performed most effectively
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Fig. 9 SEM images of HA-coated samples at a 20 V, b 30 V, c 40 V, and d 60 V. Reprinted from 
Abdeltawab et al. [51], with permission from Elsevier. Copyright (2011)

and acted as a shield against the penetration of Ni ions. The uniform apatite formation 
on the coated surface at 60 V after one week of immersion exhibited the HA coating 
biocompatibility after EPD and sintering process. 

Rojaee et al. [55] developed the MAO and MgF2 as pre-surface treatments of 
AZ91 Mg alloy to produce a nanostructured n-HA coating. The EPD was done at 
30 V for 5 min. The electrochemical tests were performed to evaluate the corrosion 
performance of the specimens, and in vitro bioactivity evaluation was carried out in 
SBF. Results have shown that the MAO/n-HA-coated samples with rough structure 
and reduced corrosion current density resulted in a declined degradation rate of Mg 
followed by high bioactivity. The presence of MgF2 and MAO coatings could offer a 
strong barrier to rapid degradation of the substrate. In addition, this interlayer plays 
a significant role in improving the biocompatibility of Mg alloy.
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Fig. 10 SEM images at voltages of a 40 V, b 60 V, and c 80 V with a time duration of 120 s. 
Reprinted from Maleki-Ghaleh et al. [54], with permission from Elsevier. Copyright (2012)

Rojaee et al. [56] fabricated the nanostructured HA coating via sol–gel and EPD 
(50 V for 15 min) method on AZ91 Mg alloy. The Ecorr of the uncoated sample was 
(−1448 ± 51) V. The Ecorr values of the sol–gel and EPD produced samples were 
observed to be (−1343 ± 35) V and (−1406 ± 21) V, respectively. The Icorr of AZ91, 
sol–gel, and EPD coated specimens were (22.14 ± 3.21), (2.83 ± 0.04), and (2.21 
± 0.02) µA/cm2, respectively. Generally, lower corrosion current density depicts a 
smaller corrosion rate. With respect to the Ecorr and Icorr values, all coated specimens 
moved in noble directions in corrosive environments. The better corrosion protection 
not only monitors the Mg consumption for bone restoration, but also improves the 
structural integrity and cell adhesion, at the same time. 

Kaabi et al. [57] synthesized hydroxyapatite (HA) coating on AZ31 substrate 
to alter the corrosion rate of magnesium and improve its potential applicability as 
implant. Coatings were deposited electrophoretically at different potentials from 10 
to 30 V. The surface morphologies at different voltages are shown in Fig. 11. 

Fig. 11 SEM micrographs of (HA) coatings on AZ31 substrates at a 10 V, b 20 V, and c 30 V 
deposition potential. In all cases, the deposition time was 20 min. Reprinted from Kaabi et al. [57], 
with permission from Elsevier. Copyright (2014)
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When the applied voltage increases, the HA particles can travel faster and accu-
mulate quickly, thus increasing the amount of the deposit with more applied potential. 
There were few cracks on the HA-coated coating produced at 20 and 30 V relative 
to the 10 V. It was found that by enhancing voltage, the corrosion resistance was 
improved due to the formation of thick layer of coating. 

Huang et al. [58] illustrated the corrosion behavior and bioactivity of manganese-
doped hydroxyapatite (MnHAp) film on Ti. The coating was deposited at the 
following conditions: pH = 4.3, Icorr = 0.85 mA cm−2, and 20–30 min deposition 
time. The MnHAp crystals consist of needle-like shape with few Mn incorporations. 
The inclusion of Mn2+ into HA substantially decreased the porosity, and the coating 
surface became denser. The MnHAp coating displayed more corrosion protection 
in SBF as compared to the HA coating. SBF immersion experiments showed that 
MnHAp-coated sample seemed to have better in vitro bioactivity. The addition of 
Mn and deficiency of Ca in the coating were the primary reasons for the superior 
bioactivity. The MnHAp film is a potential material to produce advanced biomedical 
implants. 

Farnoush et al. [59] fabricated nano-HA coatings on the Ti-CaP layer by the 
combination of friction stir processing (FSP) and EPD. The corrosion behavior was 
evaluated by potentiodynamic polarization tests. By implementation of FSP, the Ti-
CaP inner layer serves as a barrier to the penetration of Cl− ions, and inhibits the 
electrochemical reactions between the coating and substrate. The findings referring to 
the HA-Ti-CaP sample suggest a substantial decline in the Icorr , and an improvement 
in the Ecorr , and corrosion rate. 

Li et al. [60] prepared homogeneous graphene oxide/hydroxyapatite (GO/HA) 
coating on Ti by EPD. Ethanol was used as electrolyte medium to mitigate the gases 
evolution at the electrodes which may have detrimental effects on the performance 
of the coatings. Three kinds of suspension were formulated and represented as HA, 
2GO/HA, and 5GO/HA, having 0, 2, and 5 (wt. %) GO contents, respectively. EPD 
was executed at 30 V for 1–5 min. The rate of deposition was calculated by weight 
test. The deposit mass indicates a liner dependency on time, and the potential on 
the deposit is constant. Figure 12(a) and (b) shows the weight versus deposit time 
relationship at different concentrations of GO content.

As examined in Fig. 12(a), the rate of deposition declines along with the extended 
time of deposition, due to the development of GO/HA composite layer, which would 
contribute to the decrement of potential drops in the suspension. Figure 12(b) shows 
the inclusion of GO will decrease the HA particles deposition rate. As contrast with 
pure HA coating, this new coating can inhibit the crack formation and enhance the 
corrosion protection of Ti. The in vitro bioactivity of the samples reveals that the 
presence of GO fillers promotes the bioactivity and cell proliferation. 

Rad et al. [61] investigated the effects of the EPD at dynamic voltage on the 
biological and physical properties of HA coatings on pure Ti substrates. The voltages 
of 10 V, 20 V, 40 V, and 80 V were applied, and the corresponding damping currents 
were attained as 0.07 mA, 0.15 mA, 0.25 mA, and 0.35 mA. Figure 13 exhibits the 
surface morphology of coated samples obtained at different damping currents, and 
views of their cross sections.
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Fig. 12 The coating weight versus deposition time with various GO concentrations at voltage of 
30 V (a), and with 2 wt.% GO at different voltage (b). Reprinted from Li et al. [60], with permission 
from Elsevier. Copyright (2014)

At higher voltages, the HA particles begin to accumulate in a more porous struc-
ture. The samples attained at 40 and 80 V showed highly porous, cracked, and 
non-stable coating. The optimum results were found at 20 V. The corrosion studies 
were done in Ringer’s solution. The coated samples showed more resistance to corro-
sion relative to the uncoated sample. The biological experiments were performed by 
MG63 cells cultured on HA-coated samples. The number of cells attached to the 
sample increased with longer incubation time. The MG63 cells enlarge on the HA-
coated and uncoated specimens after 72 h. The cells on the HA sample proliferate 
over the coating material and grow more efficiently on the substrate. The cells on the 
uncoated sample depict a flattened and osteoblast-like morphology. 

Mehboob et al. [62] investigated polyethylene glycol (PEG) coated HA coatings 
on 316L SS via EPD. DC power supply was regulated at 30 V for 2 min. The amount 
of PEG in HA suspension was in different HA:PEG ratios; 1:0.1, 1:0.2, 1:0.5, and 1:1. 
Uniform coverage and increased adhesion to substrate was achieved in the case of 1:1 
HA:PEG ratio. PEG was used to enhance the binding strength and packing density 
between coating and substrate. It was found that as the potential difference across the 
electrodes was constant, the electric field affecting electrophoresis reduced with time 
due to deposition of ceramic particles on the electrode, which acts as an insulating 
layer for the incoming particles. The incorporation of PEG improved the coating 
adhesion, and exhibited greater degree of packing density, which will potentially 
induce osteointegration of the implants with the living tissues of human. 

Janković et al.  [63] evaluated the HA and graphene (HA-Gr) composite coating 
done by EPD on Ti to attain a uniform coating with enhanced corrosion stability in 
SBF. The corrosion resistance of HA-Gr and HA coatings was determined by elec-
trochemical impedance spectroscopy (EIS) measurements. On the basis of EIS data, 
it was apparent that the HA-Gr composite coating revealed biomimetic mineraliza-
tion preeminent to its pure HA counterpart, and increased precipitation of a newly 
developed apatite layer.
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Fig. 13 SEM and the corresponding cross-sectional images of HA coatings on Ti substrates 
obtained using EPD process at dynamic voltage-constant current, a, b 0.07 mA, c, d 0.15 mA, 
e, f 0.25 mA, and g, h 0.35 mA. Reprinted from Rad et al. [61], with permission from Elsevier. 
Copyright (2014)
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Molaei et al. [64] illustrated EPD of chitosan-bioglass-hydroxyapatite (CS-BG-
HA) coatings on the Ti substrate by examining the parameters such as pH, voltage, 
and deposition time. Figure 14 shows the relationship between deposited weight and 
thickness of coating versus pH values. The deposition was performed at various pH 
values of 3.3, 4.5, and 5. 

Fig. 14 a Deposition weight of CS-BG-HA coating at 30 V for 5 min, b variation of weight deposit 
of CS-BG-HA fabricated on (a) isolated and (b) non-isolated Ti at 20 V for 15 min. and c thickness 
of the CS-BG-HA fabricated on isolated Ti at 20 V for 15 min. All against pH of suspension used. 
Reprinted from Molaei et al. [64], with permission from Elsevier. Copyright (2015)
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Fig. 14 (continued) 

It was observed that deposited weight decrease at higher pH value due to its effect 
on zeta potential. In ethanol-based suspension, BG particles have higher zeta potential 
than particles of HA. Particles with larger zeta potential have higher mobility, so they 
travel quickly to the electrode of the opposite charge. Therefore, by decreasing pH, 
BG particles have higher rate of deposition, and corrosion resistance was improved. 
The sample formed at pH = 3.3 displayed the superior bioactivity and corrosion rate. 

Razavi et al. [65] investigated the fluoridated hydroxyapatite (FHA) coating on 
AZ91 Mg by MAO and EPD to improve their corrosion through surface modifi-
cations. The electrochemical test was carried out with the help of the Potentiostat 
apparatus. The values of Ecorr in samples were observed as follows: FHA coating 
(−1.39 V) > MAO (−1.56 V) > AZ91 (1.6 V) whereas the position of the Icorr value 
of FHA coating (12.5 nA/cm2) was declined as compared to the MAO (53,700 nA/ 
cm2) and AZ91 (63,100 nA/cm2). Therefore, the findings of Ecorr and Icorr values 
indicated that the FHA-coated sample has a noticeably more corrosion ability than 
that of the MAO-coated samples. 

Farnoush et al. [66] performed MAO on Ti to produce porous TiO2 coatings 
retaining CaP. The MAO was performed at 300 V, 330 V, and 360 V for 5 min. The 
MAO treatment was done for providing an interlayer that improves the mismatch 
between titanium substrate and final coating. The electrochemical behavior and 
bonding strength were also enhanced. The EPD was done at 30 V for 120 s subse-
quently on the MAO substrate to deposit HA-BG composite coatings. The SEM 
images of samples after MAO at various voltages is displayed in Fig. 15. It can be 
seen that as the voltage rose to 360 V, the size of the HA clusters became larger and 
they connected to each other.
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Fig. 15 SEM images of the MAO samples at a 300 V, b 330 V and c 360 V. Reprinted from 
Farnoush et al. [66], with permission from Elsevier. Copyright (2015) 

The porous TiO2 layer was completely encased with enlarged HA clusters due 
to the higher sparks and current density on the samples surface. Based on the elec-
trochemical corrosion behavior of samples, the result of samples denoted by HA-
BG-MAO 360 Ti and HA-MAO 360 Ti (where 360 refers to the voltage and Ti to 
the substrate) implies a significant decline in the current density, and increase in 
corrosion potential. The higher bonding strength was achieved with MAO. It helps 
in reducing the thermal expansion mismatch between substrate and coating, which 
results in higher densification. 

Drevet et al. [67] studied the synthesis of HA coating by EPD of a nanosized 
powder. The influence of potential and deposition time variation on the corrosion 
behavior was explored. EPD was done in a suspension formulated by adding 2 g of 
HA nanopowder in 25 ml ethanol. The voltage was varying from 5 to 20 V and time 
from 5 to 20 min. The SEM micrographs obtained at different voltages are shown in 
Fig. 16.

At the higher voltage, and with the increase in time, the samples revealed cracks, 
and uncovered areas. These observations can be ascribed to particles agglomeration 
that progressively enhanced the surface electrical resistance, which can increase the 
corrosion rate in SBF. The best EPD conditions were obtained at 10 V for 10 min, 
which leads to compact and uniform coating. 

Bakin et al. [68] produced Mg-substituted Cap coating on Ti-6Al-4V substrate for 
improving surface bioactivity and corrosion performance of coating. Four distinct 
solutions were made with various Mg contents of 0, 10, 20, and 40 (in wt.%). All 
coatings showed a needle-like morphology. The coating developed with 10% Mg 
content acquired the superior corrosion resistance relative to 20 and 40% addition 
of Mg. The samples were covered with apatite layer after immersion of 7 days. The 
surface morphology of coating transformed to spheres, and these spheres enclosed 
the whole surface completely. The surface of coatings becomes compact after 14 days 
of immersion and the formation of apatite distributed on the entire surface. 

Molaei et al. [69] evaluated the effect on CS-BG-HA-halloysite (Hal) nanotube 
films by varying the concentration of halloysite on pure Ti. EPD was done in a solution 
containing 0.7 g/L HA, 0.6 g/L Hal, and 0.7 g/L BG in (17%) water–ethanol mixture,
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Fig. 16 SEM micrographs at low magnification and high magnification images (insets) for HA 
coatings attained in 10 min at a 5 V,  b 10 V, c 15 V, and d 20 V. Reprinted from Drevet [67], with 
permissions from Elsevier. Copyright (2016)

because of fast sedimentation, whereas the dispersion was stable with (30%) water– 
ethanol solvent during 30 min. Hence, the desirable mixture for CS-BG-HAwas chose 
30% water–ethanol solvent as shown in Fig. 17.

The optimum pH chosen was in the range of 2.5 < pH < 3. From potentiodynamic 
polarization curves it was observed that a better corrosion resistance of CS-BG-HA-
Hal coated substrate Ecorr = −0.507 V and Icorr = 0.56 µA/cm2) in SBF at 37 °C 
with respect to bare Ti (Ecorr = −587 V and Icorr = 91 µA/cm2). 

Jugowiec et al. [70] reported EPD on Ti-13Nb-13Zr with chitosan (CS) coatings. 
The effect of the composition of colloidal solution and EPD variables on the perfor-
mance of CS coatings was evaluated. The solution of CS (2 g/l) in a solution of 
distilled water and 0.5 vol % of acetic acid and 50 vol % of ethanol was employed 
for deposition. The voltage was varying from 5 to 30 V and the time (4 min) remained 
constant. It was observed that the coating uniformity is dependent on the composition 
of colloidal solution and stirring before EPD. The most homogenous coatings were 
deposited at a potential of 10 V and 4 min as shown in Fig. 18.

Kumar et al. [71] presented HA-coated Mg alloy via EPD. Corrosion behavior 
of the produced sample in the SBF solution was analyzed to recognize the potential 
of EPD deposited coating for orthopedic applications. The EPD was performed at 
20 V for 10 min. It was observed that EPD deposited HA enhanced the corrosion 
protection of Mg alloy up to a magnificent 25 times. The penetration rate of Mg2+
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Fig. 17 a Digital image of dispersion having 17% water-ethanol (5 min) (a), and 30% water– 
ethanol (30 min). b The deposition weight as a function of pH produced from dispersion having 
0.6 g/L Hal at 30 V. Reprinted from Molaei et al. [69], with permission from Elsevier. Copyright 
(2017)

ions in SBF for the coating with less roughness and more annealing temperature was 
small, implying the lowest degradation rate. The substantial increase in osteogenic 
cell adhesion was observed in the HA-coated Mg surface. Therefore, it has shown 
its potential to use for orthopedic implant applications. 

Sankar et al. [72] compared the corrosion performance of HA-coated Mg, by 
employing two methods (a) EPD and (b) Pulsed laser deposition (PLD). By PLD, thin 
films were formed with the energetic condensation of atomic species. It efficiently 
forms highly adherent films. The layer of EPD coating was thick which leads to 
unstable behavior. The HA porous layer leads to more variation in the potential. 
Due to this, the corrosion rate of PLD-HA was 0.073 mm/yr, but of EPD-HA it was 
0.194 mm/yr, and of the substrate it was 0.97 mm/yr. The adhesion of PLD-HA 
coating was observed to be 30% more as compared to that of the EPD-HA.
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Fig. 18 Uncoated samples with 5–30 V and constant time of 4 min. Reprinted from Jugowiec et al. 
[70], with permission from Elsevier. Copyright (2017)

Huang et al. [73] investigated magnesium phosphate (MgP) and zinc phosphate 
(ZnP) doped HA composite coating deposited on AZ31 alloy by EPD. The corrosion 
behavior was observed through electrochemical tests and degradation tests. Pure 
HA, HA and MgP, HA and ZnP. HA, MgP, and ZnP coatings were plated with an 
electrochemical work station at room temperature. Compared with other samples, the 
electrochemical data showed that HA, MgP, and ZnP have the lowest Icorr value. The 
combination of HA, MgP, and ZnP proves great improvement in corrosion resistance 
for magnesium alloy. 

Jugowiec et al. [74] deposited nanocomposite nc-CS/HA-p and nc-CS/HA-s coat-
ings on Ti-13Nb-13Zr by EPD. The influence of HA particles in two different forms 
as nanopowder (p) and nanoparticles (s) on coating microstructure, adhesion and 
corrosion was investigated. Different suspensions of nc-HA-p (1, 2, 3, 4, 5 g/l) and 
nc-HA-s (4, 10, 15, 30 g/l) were formulated. EPD was carried out at 8–30 V for the 
time duration of 1, 2, 3, 4, 5, and 6 min. The homogeneous nc-CS/HA-s coatings 
were developed from 2 g/l of CS and 4 g/l of nc-HA-s suspension, at the potential of 
10 V and 4 min as shown in Fig. 19. The formation of microcracks occurs at higher 
HA concentration in the nc-CS/HA-s coating. Moreover, the nc-CS/HA-s coating 
provides better adhesion and corrosion protection than the nc-CS/HA-p coating due 
to the absence of HA-s agglomerates.
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Fig. 19 Ti-13Nb-13Zr samples with a nc-HA-p/chitosan, and b nc-HA-s/chitosan. Reprinted from 
Jugowiec et al. [74], with permission from Elsevier. Copyright (2017) 

Zhong and Ma [75] developed zinc substituted HA/silk fibroin (SF) coatings (HA-
Zn-SF) on Ti by EPD. The SF has been widely explored to develop HA nanocom-
posite, which has similar structure relative to the natural bone minerals. The voltage 
and time duration were set as 30 V and 120 s. It was observed that the attained coat-
ings were crack free and there was the excellent formation of apatite in SBF. The 
in vitro cell tests exhibited that the produced coatings offered good cytocompatibility. 

Bartmanski et al. [76] examined the influence of EPD time on the coating homo-
geneity and the corrosion resistance. The electrochemical tests were conducted for 
all nano-HA coatings with nano-copper and reference Ti-13Zr-13Nb uncoated spec-
imen. The Ti-13Zr-13Nb alloy was deposited with HA in a solution having 0.1, 0.2, 
or 0.5 g nano-HA in 100 mL of suspension and at 30 V for 1–2 min. Figure 20 
illustrates the coatings derived at 1 min of EPD.

The coatings were inhomogeneous, and several HA agglomerates formed. The 
individual nano-HA layer, spheroidal nano Cu particles, passing through the HA 
layer were observed. Figure 21 presents the deposits obtained at 2 min. The HA 
agglomerates were increased in number due to the increase of time. The coating was 
more uniform relative to that deposited at 1 min. All nano-HA coatings had more 
noble corrosion potential than the uncoated sample.

Bakhsheshi-Rad et al. [77] prepared the TiO2 incorporated MAO coatings (TM) 
on Mg-0.7Ca alloy. Afterward, zinc-doped hydroxyapatite (ZH) coating was formed
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Fig. 20 Surfaces of d and f samples coated with (nano) HA and (nano) Cu at 1 min time on 
non-oxidized (left specimen d) and oxidized (right specimen f) titanium alloy. Nano Cu particles 
are indicated by arrows. Reprinted from Bartmanski et al. [76], with permission from Elsevier. 
Copyright (2019)

Fig. 21 Surfaces of c and e samples coated with (nano) HA and (nano) Cu coatings at 2 min time on 
non-oxidized (left specimen c) and oxidized (right specimen e) titanium alloy. Nano Cu particles 
are indicated by arrows. Reprinted from Bartmanski et al. [76], with permission from Elsevier. 
Copyright (2019)

by EPD on the MAO coating to reduce the Mg alloy degradation rate. The electro-
chemical test was conducted in SBF. The polarization plots revealed that cathodic 
and anodic branches transfer to lessen currents after coating. This may be ascribed to 
decreased solution diffusion into the substrate. The Icorr of Mg sample was detected 
to be (197.2 ± 8.1) µA/cm2, while, after coating, the Icorr was declined to (9.8 ± 
3.4) µA/cm2. The ZH coating exhibited less Icorr (1.2 ± 0.3) µA/cm2 than the TM 
coating, which was probably associated to the careful action of the top layer, by 
covering the TM film open pores. The Ecorr of the TM coating was (−1600 ± 17) 
mV, which is about 65 mV more relative to the Mg substrate. After deposition of ZH,
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Fig. 22 SEM images of the CS-GO-HA coatings with different contents of chitosan, Reprinted 
from Karimi et al. [34], with permission from Elsevier. Copyright (2019) 

the Ecorr was moved to the positive position (−1520 ± 16) mV, and the corrosion 
rate was substantially inhibited. 

Tozar and Karahan [78] investigated the single and integrated impacts of collagen 
(COL) and hexagonal boron nitride (h-BN) matrix on the corrosion performance 
and mechanical properties of HA-CS composite coatings. Collagen which is the 
primary human tissues ligament was employed as organic doped material owing to 
its perfect biodegradability and biocompatibility. The h-BN is a popular lubricant 
used as inorganic material for their excellent mechanical and corrosion properties. 
The EPD process was carried out with 15 V and 5 min duration. It was found that 
HA/CTS/COL/h-BN coatings can improve the mechanical properties and enhance 
the corrosion protection of Ti-6Al-4V alloys. The synergetic influence of collagen 
and h-BN in composite coating results in the formation of nucleation sites, which 
improves the bioactivity to a significant extent. 

Karimi et al. [34] fabricated chitosan (CS) reinforced HA-graphene oxide (CS-
GO-HA) nanocomposite coatings with different concentrations of CS (0.5, 1, and 
1.5 mg/ml) by the EPD process to examine the effect of CS on the coating 
morphology. The EPD was performed at 30 V for 3 min. Figure 22 presents the 
SEM micrographs of CS-GO-HA coatings of different concentrations of chitosan. 

The HA-GO nanoparticles were uniformly distributed over the entire surface 
of coatings. It was observed that the CS fills the pores among the interspaces of 
nanoparticles. However, an increment in the concentration of CS led to lower HA-
GO nanoparticles deposition rate which may be due to the more electrolyte viscosity 
resulting in the lower mobility of particles. Mahmoodi et al. [79] documented an 
optimized viscosity concentration for obtaining the particles maximum deposition 
rate. In fact, an increase in the concentration of CS contributes to the microcracks 
formation, which can be seen in the sample denoted by (1.5CS-30V-3 min). It can 
be attributed to more absorption of water by enhancing the content of CS that could 
contribute to its evaporation process and resulting in coating crack formation. Of 
these coatings, the coating having 0.5 mg/ml CS showed Icorr of about 21 nA/cm2 

which was substantially less than the Ti with Icorr of 200 nA/cm2. 
Tayyaba et al. [80] synthesized HA coating using EPD on ZK60 Mg alloy. The 

degradation behavior of coatings has been compared with the Mg alloy in the Ringer’s
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Fig. 23 a Deposition weight, and b coating thickness as functions of voltage in the range (10–50) 
V for 5 min. Reprinted from Molaei et al. [81], with permission from Elsevier. Copyright (2008) 

solution (24–150) h. The DC power source was set at 100 V for 10 min. The elec-
trochemical test revealed that the HA coatings were not degraded till 48 h and began 
to degrade at −1.8 V after immersion time of 72 h. The coatings were completely 
degraded in 128 h. The degradation rate of coated and uncoated samples was not 
significantly different after 150 h of immersion due to the Mg(OH)2 precipitate 
formation on the coating surface. The 15 µm thick coating on ZK60 alloy declined 
the Icorr by one fold of magnitude and resulted in more than five times lower corrosion 
rate. 

Molaei et al. [81] carried out EPD of CS-based nanocomposite coatings having 
BG, HA, and halloysite nanotubes (HNTs) on the Ti to study the effect of process 
variables such as voltage and deposition kinetics. The deposition was done at the 
(10–50) V with the duration of (5–25) min. Figure 23(a) and (b) shows the weight 
and thickness as functions of voltage. 

As shown in Fig. 23, the deposition increases by increment in voltage. The lowest 
and highest deposition thickness and weight are developed from the suspension at 10 
and 50 V. Such variations in the deposit thickness and weight are outcomes of the gap 
in the electric field strength. SEM images at various voltages are shown in Fig. 24. 
The result of Fig. 24(a) shows a thin film at 10 V. Owing to the lack of adequate 
force, there are no micro particles of BG in the coating. Figure 24(b) exhibits the 
coatings prepared at 30 V. The morphology of the composite shows that nano and 
micro particles were dispersed compactly and uniformly distributed throughout the 
CS matrix. In fact, increasing the voltage to 30 V ensures a uniform deposition 
with small cracks and porosity. When the voltage exceeds 50 V, the coating starts to 
deteriorate [Fig. 24(c)].

The explanation for this behavior is the creation of larger agglomerations and 
water electrolysis, because of the low voltage threshold. Coated sample produced at
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Fig. 24 SEM micrographs of CS-based coatings at a 10 V, b 30 V, and c 50 V. Reprinted from 
Molaei et al. [81], with permission from Elsevier. Copyright (2008)

30 V acquires excellent corrosion ability relative to the coated samples deposited at 
10 and 50 V. 

Ahmed et al. [82] obtained zein/HA coatings on Stainless steel (316L SS) via EPD. 
Zein/HA coatings need to be produced because they improve biocompatibility and 
corrosion resistance properties. EPD was conducted at voltages (6–15) V, and time 
duration (3–9) min. In an earlier study [83] it was demonstrated that the suspension 
becomes unstable, the HA particles concentration in suspension rises to 7.5 g/L 
and more voltages result in gas bubbles formation. Reportedly, the zein coatings 
developed at (3–5) V are very thin [84]. A better deposition of zein was obtained at 
10 V. Figure 25 shows the SEM images of the zein/HA coatings (obtained at 15 V 
for 3 min duration, and HA concentration of 5 g/L). These parameters were found 
optimal during the deposition process.

The homogenous porous film on zein coating was observed. The HA particles are 
distributed homogeneously in the pores of the zein coating. The pores are blocked 
by the inclusion of agglomerated HA, which enhances the mechanical stability of 
the coating. Zein/HA coatings effectively increase the corrosion resistance of bare 
316L SS. The coatings were bioactive upon immersion in SBF and the formation of 
HA crystals occurred after 3 days of immersion. 

Antoniac et al. [85] examined the biodegradation rate of ZMX410 and ZM21 Mg 
alloys through HA coating via EPD. The corrosion rate (CR) of the Mg alloys are
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Fig. 25 SEM images of a zein/HA coating on Stainless steel (SS) substrate, (parameters: 5 g/L of 
HA, 3 min, 15 V); at different resolutions. Adapted from Ahmed et al. [82], under the terms and 
conditions of the Creative Commons Attribution (CC BY) license. (http://creativecommons.org/lic 
enses/by/4.0/)

approximately equal, with the difference is 0.51 mm/year, in favor of the ZMX410 
alloy. On the basis of efficiency toward corrosive attack, it was established that the 
coating with HA on ZM21 contributes by 40.6% to corrosion protection, and only 
4.23% to the corrosion resistance in the ZMX410 alloy. Therefore, the degradation 
rate of both Mg alloys can be controlled by the EPD of HA coating. 

4 Conclusion 

The reviewed literature exhibited that EPD is an effective method for the processing of 
superior quality coatings. It was seen that a number of materials such as inorganic and 
organic–inorganic composite coatings can be developed in well-controlled manner. 
The HA-reinforced deposits showed improved characteristics including crack free 
films, oriented microstructures, enhanced corrosion resistance, and bioactivity prop-
erties. It was observed from the literature that the amount of deposit enhances with 
the increase in applied potential, but it leads to wrinkling, film roughness, and cracks 
in the coating. In addition, more deposition time results in insufficient attachment of 
coating to the base metal, and development of non-uniform and thick coatings. At 
high temperature, there were chances of cracking due to the difference in the sintered 
coating thermal expansion coefficients and the substrates. Therefore, a number of 
researchers employed different polymers as an effective binder to avoid the incon-
venience of elevated temperature. Based on these findings, it may be concluded that 
a pilot study must be performed to optimize the parameters of EPD to obtain high 
quality, smooth, and homogeneous coatings. Furthermore, new experiments are to 
be conducted with the great potential of EPD for manipulation and assembly of HA 
composite coatings in which the effect of several other deposition parameters such 
as particle size, the dispersion medium, substrate, anode material, and temperature 
can be studied.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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Geopolymers Prepared by Microwave 
Treatments 

Yuta Watanabe and Takaomi Kobayashi 

Abstract Geopolymers occur easily in a polycondensed polymer framework in 
high-alkali conditions. They are known as sustainable materials with a simple process 
that uses waste for raw materials like fly ash, slag, and rice husk etc. This chapter high-
lights the use of microwaves as efficient auxiliary processing for geopolymer produc-
tion. Compared to conventional heating, the microwave cure reduced the curing time 
as an advantage. In addition, depending on the microwave irradiation conditions, the 
resulting geopolymers were changed in material properties such as high porosity, 
and low mechanical strength using a high-water foaming agent content due to water 
evaporation in the geopolymer. Also, the microwave curing had the advantage over 
the conventional oven heating, of densely structuring geopolymers when the water 
foaming agent content was low by combining the pre-heating and accelerating the 
polymerization. In contrast, the alkali activator concentration caused enhancement 
of the morphology of geopolymers in the case of microwave cure. Thus, microwave 
curing is expected to be an effective method for the fabrication of geopolymers. This 
chapter describes the feasibility of synthesizing the porous morphology and densely 
structured geopolymer without micro-sized pores using microwave energy. 

Keywords Geopolymer ·Microwave · Alkali activator · Silica-aluminum 
linkage · Replacement concrete 

1 Overviewing Geopolymers 

Geopolymers are usually activated in highly alkaline solutions and alumino-silicate 
geopolymers are inorganic materials consisting of tetrahedral AlO4 and SiO4 units 
[1, 2]. Essentially a mineral chemical compound or mixture of compounds consist 
of repeating units, for example, silico-aluminate (polysialate) (–Si–O–Al–O–) and 
is created through a process of polymerization. The polymerization process involves
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chemical reactions under highly alkaline solution conditions in Si and Al materials 
that provide covalent Si–O– and Al–O bonds, with the following formula [3]. 

Mn{−[SiO2]z − AlO2}n · wH2O 

where M is an alkali cation such as sodium (Na+) or potassium (K+),—refers to 
bonding, n is the polymerization degree, z is usually a number of 1, 2, 3 and some-
times higher, and w is the number of moles of water. When strong alkalis activate the 
silicon and aluminum in the raw materials, geopolymerization allows transforming 
glassy structure partially or totally into a very compact composite [3, 4]. In these 
processes, as shown in Fig. 1, the alkali activator accelerates the condensation reac-
tion, then leaches to form alumino-silicate precursor in the aqueous solution and 
finally the condensates to be geopolymer gels and then progressing polymeriza-
tion. As a result, the mixture becomes hardened geopolymer [3, 5]. The geopolymer 
network generally proceeds at moderate temperature below 160 °C. For the Si and 
Al materials, generally alumino-silicates such as slag [6], metakaolin [7, 8], and fly 
ash [9, 10] were mixed with high concentration of alkaline solution at low tempera-
tures. For example, NaOH and KOH are mainly used as highly concentrated alkalis, 
and the aforementioned materials containing Si and Al become soluble in alkaline 
solutions [1, 3, 11]. Here, Si and Al rich materials are the primary requirement for 
geopolymerization like rice husk [12, 13], clays like metakaolin [14, 15], natural 
soil [16] and bentonites [17, 18] as seen in Table 1. Geopolymers can be made from 
several types of alumino-silicate materials, including metakaolin, calcined clay [15], 
agricultural waste ashes [12, 13], and industrial sludge waste [19]. In the waste, the 
geopolymers based on industrial waste like slags [20–22], and aluminum waste [23] 
were helpful in the geopolymer fabrication. 

Looking at the content of Al2O3 and SiO2 in Table 1, the wastes contain the 
necessary components for geopolymer. In the cases of agricultural waste like rice 
husks, the ashes involve high silica contents depending on sintering temperature. 
The higher temperature the higher silica contents remain like about 90%, although

Fig. 1 Scheme of geopolymerization of silica alumina precursor by geopolymerization process
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alumina contents are less. In this case, metakaolin was used as alumina source, and 
the mixture with rice husk ash enabled the geopolymerization [8, 12]. 

Among these starting materials for geopolymer, fly ashes are interesting from the 
perspective of sustainable materials. Thus, fly ash-based geopolymer is an important 
material because such ash is the one of bulky wastes resulting from burning coal or 
lignite in power generation facilities. For using an environmentally friendly method 
[20, 21], fly ash of chemical composition of silica and alumina typically ranging from 
40 to 60%, and from 20 to 30%, respectively is available worldwide for a geopolymer 
source. Thus, the condensated alumino-silicate is known as an eco-friendly mate-
rial due to recycling of burnt ash, and another advantage is obtaining materials at 
low temperature for the polycondensation, which easily occurs under high alkaline 
conditions. In various types of slags used individually or as a partial replacement of 
fly ash, lightweight geopolymers have been obtained using palm oil fuel ash [23], 
ground granulated blast furnace slag [24], low calcium fly ash [25], and class F fly 
ash, ground granulated blast furnace slag [26] and metakaolin/biomass ash composite 
[27]. In the geopolymer preparation processes, heating and ambient curing condi-
tion were investigated using sodium silicate [28], alkali activator [9, 15, 29], curing 
temperature as sintering condition [7, 30] and additives [31]. Geopolymer made from 
industrial waste and by-products is low cost and environmentally friendly from envi-
ronmental point of view. Therefore, scientists are still researching the many possible 
uses of geopolymer processes. In addition, geopolymers have various applications, 
and their properties can be engineered. Some papers reported that geopolymers in 
general have material structure with high apparent bulk density in the range of over 
1 g/cm3 causing high mechanical strength [10]. On the other hand, when geopolymer 
bulk has pores using foaming agents in the preparation, in general, the density and 
mechanical strength decrease. In the latter cases with pore structure, the bulk had 
a high specific surface area and high porosity, therefore, such geopolymers were 
expected to apply to adsorbents [8, 32–34]. 

There are disadvantages of geopolymers as compared to traditional cement in 
certain aspects like long maintenance time and slow curing till enough strength 
development, becoming the limiting factor for practical applications of geopolymers. 
However, geopolymers are interesting in technologies that enable the rapid develop-
ment of strength in the fields. The common geopolymer products use conventional 
thermal curing under water, air, solar, or oven curing conditions to accelerate geopoly-
merization process. Table 2 summarizes advantages and disadvantages of each curing 
method of geopolymers. As seen in Table 2, water-cured geopolymer was found to 
be of lower compressive strength than air-cured, solar- and oven-cured. Water curing 
had disadvantages of reducing strength due to leaching reactant of geopolymerization 
and alkali activator solution [35]. Air and solar-cured geopolymer could be of higher 
compressive strength than the one cured with other conventional curing methods, 
these curing methods had the advantages that curing with both of them needs low 
energy source, and decreases manufacturing cost and carbon footprint. However, 
there were still limitations on the application of these curing methods due to the long 
curing time (air: 7–90 days, and solar: 3–28 days), even though these changes depend 
upon condition and geological location [36, 37]. Traditionally, oven heating was used
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as the most effective method for producing geopolymers with higher compressive 
strength, because of easy adjustment of the curing temperature and producing at 
60–120 ºC for 6–24 h in relatively a short time and low temperature [4, 10, 22]. 
However, among the conventional curing methods, oven curing especially has high 
heat loss due to the distribution of heat in the geopolymer from the exterior to the 
interior leading to the non-uniform [38]. Moreover, it was necessary for long heating 
within 6–24 h and high energy consumption for the curing. In addition, a limita-
tion was the use of a foaming agent for a porous geopolymer. On the other hand, 
microwave curing could be attractive method for geopolymerization in recent years. 
Compared with the conventional heating methods, microwave curing by standardized 
volumetric measurement has some advantages of heating as shown below.

(1) Shorter curing time for geopolymerization (1–60 min) [39–42]. 
(2) Easier operation for fabrication of geopolymers [39, 43]. 
(3) No requirement of foaming agents for porous morphology geopolymers 

[16, 39]. 

2 Effect of Microwave on Geopolymerization 

Recently, from the perspective of reducing energy consumption and humbleness, 
microwave energy has been utilized as an innovative tool for heating to influence 
chemical reactions of geopolymerization [39–41, 43, 44]. This method includes 
the benefits of microwave heating; higher heating rates in less times, no direct 
contact between the reactants and energy source, and clean, selective, and remote 
heating of the reactants in the desired atmosphere [45]. Microwave method utilized 
the bottom ash to produce thermal insulating bricks for foaming of the mortar by 
geopolymerization [44]. 

Using microwave radiation, the conventional heating was helpful for obtaining 
geopolymers attaining thermal stability as the dense matrices. Nevertheless, reports 
are few in the literature about microwave cured geopolymers. But, with these 
benefits, microwave-assisted synthesis of concrete [46, 47] and zeolite [48–50] 
were known to be the effectiveness, because the activation time in hydrothermal 
synthesis was reduced automatically. Table 3 lists researches of microwave cure for 
geopolymerization. There are two types of geopolymers in the dense and porous 
conformation.

It is known that the conventional heating has been used as the popular way to 
accelerate the geopolymerization, but heat is distributed in the sample from the exte-
rior to interior leading to the non-uniform and long curing time [38, 40]. Then, 
microwave consisting of an electric and a magnetic field component has the ability 
to penetrate deep into the materials in nature within a short time. Samples containing 
inorganic ions that absorb microwave energy can heat volumetrically [51]. The elec-
tric component of an electromagnetic field causes heating by two main mechanisms: 
dipolar polarization and ionic conduction [45, 52, 53]. Under microwave condition
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at 2.45 GHz, dipolar polarization generates heat in polar molecules such as water. 
Due to the electric fields associated with the microwaves the dipoles are aligned 
by rotation [45], providing more uniform heating [38, 45, 53]. In addition, in the 
high-alkali activator concentration, the access temperature was high [39], due to that 
in ionic conduction, the ions oscillate back and forth through the specimens by the 
electric field component of microwave irradiation. At the same time, heat genera-
tion by friction and collisions occurring between ions and molecules also supports 
heating [45, 53, 54]. Therefore, microwave devices are extremely convenient for 
influencing material reactions related to water at a frequency of 2.45 GHz, where 
the entire body quickly reaches a higher temperature by volumetric heating [41]. 
Because of microwave dielectric heating, water containing ions more efficiently 
heats in comparison to deionized water [55] due to ionic conduction and dipolar 
re-orientation variation with microwave frequency. In geopolymers, Na+ and OH− 
ions play the ion conduction role, and heat is generated when the cations and anions 
collide with molecules and others (Fig. 2). By utilizing such advantages of microwave 
heating like instantaneous, very rapid heat-up time, and easy control, fast microwave 
synthesis of fly ash based porous morphology geopolymers was investigated in the 
presence of high-alkali concentration [39]. 

In the feasibility of synthesis of porous fly ash-based geopolymer using microwave 
energy, the geopolymer pastes were cured for approximately 1 min when a household 
microwave oven was operated at 200–850 W with high-alkali concentration. Figure 3 
shows the temperature profile of geopolymer pastes containing different sodium 
hydroxide (NaOH) concentrations in different power of the household microwave 
for 1 min [39]. For the geopolymerization, NaOH solutions and sodium silicate 
solutions were used as activators, and microwaves oven was operated at a frequency 
of 2.45 GHz under identical conditions. The solid fraction in the geopolymer mixture

Fig. 2 Illustration of microwave heating of geopolymer by ionic conduction and dipolar re-
orientation variation 
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Fig. 3 The plot of temperature against NaOH concentration of geopolymerized slurry solutions 
at different microwave oven powers (left), and pictures of geopolymers cured from components 
containing different NaOH concentration (upper right) and X-ray micro CT for the cross-section 
of geopolymers (lower right), where the microwave radiation was carried out at power 850 W for 
1 min  [39] 

was 65 wt.%. The ratio of Na2SiO3/NaOH solution and SiO2/Al2O3 were fixed at 
2.5 and 2.69, respectively, at NaOH solution concentration of 2–15 M. 

Actually, as the ion concentration increased in the fly ash aqueous phase for 
geopolymers, heating occurred effectively by dipolar polarization. It was known 
about dielectric properties of geopolymer mortar constituents that fly ash, sodium 
silicate, NaOH and water had relative dielectric constants of 2.9, 2.78, 8.94, 14.32 and 
72.18, and relative dielectric loss factor of 0.21, 0.20, 1.70, 1.17 and 11.75, respec-
tively [58]. When NaOH concentration increased in the mortar, microwave heating 
easily occurs. In the results of relative dielectric constants and relative dielectric 
loss factor, water strongly contributes to the temperature increase in the slurry. In 
addition, at high NaOH concentration, the contribution influences the temperature 
increase. Therefore, as seen in Fig. 3 (left), high NaOH concentration enhances 
temperature increase. Also as shown in Fig. 3 (right) for the morphological observa-
tion of the resulting geopolymers, porosity developed in the matrix when the NaOH 
concentration became high. On the other hand, it is worth noting that geopolymer-
ization is possible even in a low concentration NaOH environment. This is because 
microwave dielectric heating efficiently acts on geopolymerization at the molec-
ular level. Namely, microwave generates a phase difference in the absorbed species 
between the orientation of the field and that of the dipole, causing energy to be lost 
from the dipole by molecular friction and collisions and thus heat, which leads to 
efficient geopolymerization [45, 46]. 

As the results show, the effect of microwave heating was summarized in the 
geopolymer structure with or without such porous morphology. The properties of 
geopolymer cured using microwave were explained with the aid of previous works. 

First, as comparing the different properties of the porous and dense structure, in 
the cases of geopolymer of dense structure without micro-sized pores having the 
density of over 1 g/cm3, reference [41] reported that compressive strength and bulk 
density of fly ash-based geopolymers were 12.9–42.5 MPa, and 2.0–2.1 g/cm3.On the  
other hand, bottom ash-based geopolymers such as porous morphology geopolymer
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obtained compressive strength and density of 3.6–6.2 MPa and 0.61–1.3 g/cm3 [57]. 
Porous morphology geopolymer is very low compared to the compressive strength 
and bulk density of geopolymer using construction material [4, 10, 25, 26]. Therefore, 
porous morphology geopolymer is expected to be applied in lightweight concrete [44, 
59] and adsorbent [8, 34] due to the low density. 

Second, the parameters affecting the properties of the geopolymer using 
microwave curing were microwave power, curing time, and concentration of alkali 
solutions. According to reference [42], the fly ash-based geopolymers were synthe-
sized at different microwave powers of 200–600 W for 15 min. The compressive 
strength of geopolymers cured at 300 W increased (72 MPa), but at higher microwave 
power of 400 and 600 W it decreased (67 and 54 MPa). It was seen that higher 
microwave power led to surface cracks in the geopolymer bulk, because of highly 
evaporated water vapor. Thus, rapid dry curing is not useful for the high compres-
sive strength of geopolymers at higher microwave power of 400 and 600 W. The 
compressive strength of geopolymer cured for different curing times of 10–60 min 
increased with increasing curing time, especially, geopolymer cured for 60 min 
recorded 90 MPa in short time. Reference [43] reported the effect of concentration of 
alkali solution on microwave curing. Fly ash-based geopolymers with NaOH concen-
tration of 4–10 M were cured at 240 W for 120 min. The compressive strength of 
geopolymers increased with increasing NaOH concentrations. When NaOH concen-
tration was 10 M, the compressive strength recorded the maximum value of 60 MPa. 
This is because increased dissolution rates of fly ash particles under higher NaOH 
concentrations may have formed higher amounts of alumino-silicate gel even at 
shorter curing time. Therefore, these factors affected the mechanical properties of 
geopolymers. 

Finally, when comparing the effect of curing with and without microwaves, Chin-
daprasirt et al. [41] reported that fly ash-based geopolymers cured by oven heating 
at 65 °C for 24 h obtained compressive strength of 32.7 MPa and bulk density of 
1.9 g/cm3, while geopolymers cured using microwave at power of 90 W for 5 min 
+ additional oven heating at 65 °C for 12 h had higher compressive strength and 
bulk density of 42.5 MPa and 2.1 g/cm3. Therefore, microwave curing provided 
significantly reduced curing time shorter within only 5 min. 

Consequently, microwave irradiation affects geopolymer properties of their struc-
ture in dense or porosity, depending on the microwave conditions of irradiation 
power and time. In addition, the resultant compressive strength of geopolymers had 
a tendency to increase when increasing microwave curing time. This is related to 
the longer cure times under microwave power, the increase of the internal temper-
ature of the geopolymer matrix, and the promotion of geopolymerization [38, 42, 
60]. However, much longer irradiation of microwave conversely and significantly 
affects the properties of the geopolymer, for example, decreasing the compressive 
strength [38]. As a result, the longer microwave treatment led to thermal shrinkage 
and provided thermal stress on the internal structure. Then, these reached the large 
cracks, pores, burns, and formed glassy bubbles in the geopolymer matrix [39, 61, 62]. 
Therefore, appropriate parameters need to be chosen for each geopolymer fabrication 
system by microwave curing.
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3 Microwave Cured Geopolymer Having Water Foaming 
Agent 

In the presented geopolymers, various properties were obtained depending on pore 
size in the cured bulk. When the pore size increased, the weight loss occurred, and 
surface area was increased in the case of high porosity structure [32, 33, 39, 63]. 
These geopolymers find applications for adsorbent [8, 34] and lightweight concrete 
[59], etc., where pore-forming agents like cooking oil and starch create voids within 
the mixture [64], surfactants [65], and H2O2 when added to alkaline environment 
[66]. In the case of microwave heating to form the porous structure, the forming agent 
was water, and the porosity was caused by the modified temperature treatment, and 
the amount of water evaporation. Although it is difficult to control the microstructure 
of pore size, pore number, and pore distributions, there is an advantage in forming a 
porous matrix in the absence of any other foaming agents. Actually, the microstruc-
ture of the resulting geopolymers depends on the microwave condition with pre-
curing as shown in Table 3. For the preparation of the geopolymer matrix, the SEM 
micrographs indicated a dense structure, having compressive strength in the range of 
42–62 MPa [22, 41, 43, 56]. In these cases, it was convenient to operate microwave 
curing and conventional heating. In contrast, porous geopolymers were fabricated 
by microwave curing only, especially with high microwave power. This was due 
to microwave heating as water absorbed microwaves and generated vaporization 
as a result of polarization caused by external oscillation of polar water molecules 
[67, 68]. In the microwave curing, the water in the geopolymer paste was heated 
and then vaporized easily at temperatures higher than 100 °C, due to the genera-
tion of free water created bubble [68]. Then, the vaporization process may influ-
ence the morphology of the geopolymers, since bubbles caused by evaporation of 
water in geopolymer paste were fixed inside the geopolymer sample along with the 
heating curing process, resulting a porous morphology geopolymer structure [39]. 
Reference [39] also reported the investigation of the effect of the ratio of sodium 
silicate (Na2SiO3)/NaOH during the fabrication of fly ash-based geopolymer using 
the household microwave. When the water weight ratio in slurry paste increased, 
numerous pores formed in the geopolymer matrix, indicating that a lot of water 
evaporation occurred to cause pore voids during curing. In addition, the presence 
of NaOH in the geopolymer paste increased temperature, because dielectric heating 
was effective in higher NaOH. Thus, the microwave heating enhanced evaporation 
of water acting as a forming agent. This could be controlled to tailor the porosity and 
density of the geopolymers, depending upon microwave heating condition, but few 
studies on geopolymer foams using microwave heating. There were examples for 
microwave geopolymerization for porous fly ash-based geopolymer [40]. Although 
the fly ash-based geopolymers were cured by traditional oven heating at 80 °C for 
24 h, they obtained an apparent bulk density of 1.5 g/cm3. The microwave cured 
geopolymers with 15 M-NaOH concentration decreased the apparent bulk density 
to 0.9 g/cm3. The effect of microwave powers and concentration of NaOH activator 
is investigated in Fig. 4a. In the higher microwave power with over 500–800 W, the
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Fig. 4 Apparent bulk density (a), and volume of open pores (b) of geopolymer cured at different 
microwave power 200–850W having different NaOH concentration and cured by oven at 80 °C for 
24 h [39] 

addition of NaOH concentration increased the volume of pores in the geopolymers 
(Fig. 4b) [39]. 

Actually, this section summarizes microwave curing for geopolymer to the effec-
tive to porous forming without forming agents. Especially, higher microwave power 
promoted to the more porous structure in the geopolymer. 

4 Pre-curing and Microwave Cured Geopolymer Concretes 

The most practical application of geopolymers is as a replacement material for 
existing concrete [9, 69–72]. This is because of the fact that cement manufacture 
is highly energy intensive and emits CO2 and other greenhouse gases responsible 
for global warming [69, 73]. In this way, the use of ceramics as structural mate-
rials requires a dense structure and high mechanical properties. In these cases, the 
geopolymer is densely packed, providing less pores. But, the microstructures of 
geopolymer mortars were influenced by the use of conditions under different temper-
atures [74], crystalline compound [75], alkali activator [76, 77], and silica to alumina 
ratio in the geopolymer components [78, 79]. 

Due to dipolar polarization and ionic conduction mechanisms, microwave heating 
was effective for geopolymerization in the advantage of short time preparation. If 
anything is ideal to decrease the evaporation of water during microwave heating, 
resulting in less evaporation of water even at over 100 °C, microwave radiation 
effectively enhanced the geopolymerization. Actually, microwave heating led to high 
compressive strength of fly ash geopolymers [40, 41]. But, common geopolymer-
ization can take a long curing period to prepare the bulk ceramic body from a few 
days to as long as 90 days in geopolymer mortars [78, 80]. But, if pre-curing and
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microwaved curing were combined, the microwave method diversified to prepare 
densely structured geopolymers (Fig. 5). In the case of microwave heating, the same 
formulation composition can be changed into porous morphology geopolymer and 
dense structure geopolymer without micro-sized pores by changing the adjustment 
conditions. In the geopolymer paste made from fly ash [39], microwave heating can 
easily produce porous morphology geopolymer without pore forming agents. For 
example, when the geopolymer paste was formed with the weight ratio of (Solid/ 
Liquid) = 1.86 and (Na2SiO3/10 M-NaOH) = 2.5, porous morphology geopolymer 
was produced within 1 min by simply exposing microwave as shown in the SEM 
picture inserted in Fig. 5. On the other hand, pre-curing at room temperature after 
preparing the geopolymer paste could prepare the geopolymer with dense structure. 
Actually, after the microwave curing for 1 min at both 200 W and 500 W out-put 
power, the value of the compressive strength (MPa) without and with a 1 h pre-
curing process at room temperature (RT) increased from 5.8 MPa to 6.2 MPa, and 
1.5 MPa to 3.9 MPa in the case of the 200 W and 500 W of microwave out-put 
power respectively as shown in Fig. 6. When the geopolymer was without pre-
curing, compressive strength decreased due to the formation of pores. This means 
that pre-curing was possible to easily control the fabrication of the geopolymer dense 
structure without micro-sized pores with high compressive strength. In addition, the 
compressive strength of geopolymers cured by conventional oven curing at 25 °C 
for 7 days was 4.4 MPa, whereas geopolymer with 1 h pre-curing and  microwave  
cured at 200 W for only 1 min was 6.2 MPa.

So, in summary, this section summarized the effect of microwave curing and pre-
curing for densely structured geopolymers. By combining both curing methods, it 
would be possible to have the practical application of the resulting geopolymers, 
because of shortening the preparation period. 

5 Future Prospects of Geopolymers 

Given the environmental footprint of geopolymer production and operation, the bene-
fits of concrete mainly lie in the sustainability of geopolymer production with the 
manufacturing process including lower resource and energy requirements and lower 
CO2 emissions [23, 81, 82]. In addition, there are other benefits of geopolymers 
such as reuses of industrial waste and production of much less fuel, which leads to 
contribute in the reduction of global warming. From this point of view, geopolymers 
can fully play the role of alternative concrete. Recently world’s first building with 
geopolymer concrete has been constructed at the University of Queensland’s Global 
Change Institute and also at the Brisbane West Well camp airport in 2014, as applied 
by the world’s largest geopolymer concrete project [82]. 

As for the future prospects of geopolymers, their industrial applications are of 
great interest. Many review articles recently summarized these applications [21, 66, 
69, 71, 72]. To summarize in terms of geopolymer material form, we can consider 
bulk body, form body, composite, and coating as shown in Table 4. Among their
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Fig. 5 Flowchart of microwave heating for preparation of porous and dense geopolymers sourced 
from fly ash and sodium silicate (Na2SiO3) in NaOH activator 

Fig. 6 Compressive strength 
of geopolymer without 
pre-curing and with various 
pre-curing periods of time. 
Geopolymers were 
synthesized at microwave 
power 200 and 500 W, cured 
for 1 min,  and at 25 °C for  
7 days
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applications, the most common research case is the application of concrete, mortar, 
and cement for building materials. The application fields of these geopolymers have 
the potential to contribute significantly to the construction of a sustainable society 
(Fig. 7). 

In particular, apart from the sustainability aspects of the geopolymer binder, the 
synthesis conditions become important factors affecting the environmental footprint

Table 4 Applications of geopolymer materials having different forms 

Form of geopolymer material Applications References 

Bulk body Cement and concrete [4, 25, 26, 29, 47, 69, 71] 

Ceramics [83–85] 

Storage toxic, and radioactive 
waste 

[1, 86–88] 

Foam body Adsorption of heavy metal [8, 34] 

Light weight cement [44, 59] 

Coating Anti-corrosion and acid and base 
resistant 

[80, 89–91] 

Reinforcing [92] 

Temperature resistance [89, 93] 

Composite Fire and heat resistant matrix 
materials 

[44, 81, 94] 

Reinforcing [95, 96] 

Fig. 7 Geopolymers eco-friendly cooperated with the integrated improvement of economy and 
environment for a sustainable society having symbiosis with human and nature. Low carbon, circu-
lation and natural symbiosis are reached by environmental life and civilization under SDGs-ship 
[97] 
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of the production. In addition, immobilization and adsorption of pollutant metals 
are interesting technologies of geopolymers using bulk and foam geopolymers. 
Geopolymer layer coating technology on the substrates could also show reinforce-
ment of the substrate materials and provide insulation against acid or base attack and 
corrosion of the body materials. Similar effects were found in geopolymer composite 
with organic polymers and other additives. In the future when dealing with these 
technologies of geopolymers, it is necessary to consider the concept containing a 
low-carbon society, circulation society, and natural symbiosis society. As discussed 
before, if geopolymer is synthesized by a common sintering process, the environ-
mental footprint of the product may be not comparable to concrete materials, due 
to the consumption of high energy associated with sintering, becoming less “green” 
process. In other words, the low carbon and low power consumption of geopolymer 
processing are attractive and consistent with the goals of a sustainable society [98]. 

6 Final Remarks 

This chapter highlights geopolymers prepared by microwave treatments, specifically 
how their properties can be tuned using microwaves. The incorporation of microwave 
heating in the geopolymer production process has the advantages of being able to 
adjust the porous morphology geopolymer without additives, and to make dense 
structure geopolymer without micro-sized pores concreted under certain conditional 
settings. Due to the incorporation of microwave heating in increasing efficiency and 
improving characteristics with less energy consumption, it is expected to be used as 
an eco-friendly ceramic material in the future. However, several problems such as 
difficulties in temperature control and the low energy conversion efficiency remain 
in the practical application of microwave cured geopolymers. Although this method 
is still in a transitional stage, it has features not found in conventional methods, and 
thus holds promise for the future. 
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