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Preface

Modern science and technology constantly require new and novel materials with
special properties. Over the past decade, ceramic materials have received signiﬁcant
attention as an active material in components from sensors to biomaterials, electronics devices to fuel cells, magnets to structural parts, cutting tools to substrates.
These nanocrystalline ceramics have applications in many areas such as industrial
sectors, health, defense, energy, manufacturing, and transport. These nanocrystalline ceramics exhibit unique properties such as super-plasticity at elevated temperatures, optical transparency for opaque materials, increased strength and
toughness, bioactivity due to the ﬁne-grain size, abundant grain boundaries, and
controllable crystallinity as well as revolutionary electronic and ionic properties.
The aim of this book is to present the research and development work conducted
on nanostructure ceramics and their composites. Signiﬁcant advancement has been
made in the development of sol-gel based nanoceramic materials, which exhibit
either special optical properties or exceptional mechanical characteristics, such as
high strength and toughness and various other engineering and materials properties.
The present book describes the recent and expected challenges along with
potential solutions for sol-gel based nanostructure ceramics. Both experimental and
fundamental theories based chapters have been included in the present book. There
are 10 chapters. Chapter 1 provides a general introduction of sol-gel based
nanoceramics whereas Chap. 2 contains the advance techniques for the synthesis of
zirconia-based ceramics for thermal barrier application. Chapter 3 is based on the
synthesis of nanostructure ceramics and their composites, while Chap. 4 describes
the structure, stabilities and electronic properties of smart ceramic composites.
Chapter 5 deals with a broader discussion on the advancement of glass ceramic
materials for photonic applications while Chap. 6 describes about ceramic
nanocomposites for oxide fuel cells. Chapter 7 contains a review on nanoceramic
materials for use in ceramic matrix composite and Chap. 8 contains the application
of hydroxyapatite-based nanoceramic in wastewater treatment. Chapter 9 describes
sol-gel derived organic–inorganic hybrid ceramic materials for heavy metal removal
and Chap. 10 has the details of properties and applications of hybrid ceramic
materials for photocatalytic applications.
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Preface

The book has been conceived to offer a broad selection of key processing
techniques and applications for sol-gel based nanoceramic materials. The readers of
this book will thus be able to ﬁnd at one place the state of the art and the comprehensive information on various approaches, techniques, and methods for processing, fabrication, and application of advanced ceramics and ceramic composites.
The present book will be more beneﬁcial to scientists, engineers, technologists,
and researchers working in the industry, national research laboratories, and academia with interest in traditional and advanced ceramics as well as ceramic composites. Researchers registered for their postgraduate/graduate/undergraduates
degree in the area of nanoceramics, materials science, and engineering will also be
equally beneﬁtted.
Johannesburg, South Africa

Ajay Kumar Mishra
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Chapter 1

Nanoceramics: Fundamentals
and Advanced Perspectives
Ephraim Vunain, S.B. Mishra, Ajay Kumar Mishra and B.B. Mamba

Abstract Progress in nanotechnology has led to the development of new classes of
materials with unprecedented control of structure, composition, defects and
resulting properties. Nanostructure ceramic materials have good chemical resistance, good mechanical resistance, corrosion resistance, electrical, optical and/or
magnetic properties, good refractory properties, chemical inertness and hardness
both at normal and high temperatures. The synthesis of nanostructured ceramic
materials by the sol–gel process plays a crucial role in the development of advanced
materials with suitable properties for various applications. The synthesis process is
based on the controlled hydrolysis and polycondensation of silica and alkoxides,
which leads to the formation of nanoscale particles and their arrangement to a
nanoporous network after gelation. Depending on ageing and drying conditions,
either dense monolithic ceramic composites or nanoporous materials can be fabricated. These materials at nanoscale have attracted a lot of attention from
researchers in various ﬁelds such as fuel cells, biomedical engineering, corrosion
protective coatings, biotechnology, photocatalysis, genetics, etc. This chapter gives
an insight into the fabrication of ceramic materials through the sol–gel process and
their possible applications in various ﬁelds.

1.1

General Introduction to Nanomaterials

Nanomaterials are increasing an important product of nanotechnologies.
Nanomaterials are usually considered to be materials in which the average particle
size is smaller than 100 nm in at least one dimension. Within this size range
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(between 1 and 100 nm), the properties of the nanomaterials are quite different from
the properties of the bulk materials. As a result, nanomaterials are developed to
exhibit novel characteristics such as increased strength, chemical activity or conductivity compared to the same material at bulk scale. Generally, the physical,
chemical, electrical and optical properties of nanomaterials are size and shape
dependent and often exhibit differences from the bulk properties. This is attributed
to the large number of surface or interface atoms shown by materials at this
nanoscale range. Nanomaterials are coming into in use in energy and environmental
applications, agriculture, electronics, healthcare, cosmetics and other areas [1–5].
Structural materials are classiﬁed as ceramics, metals or polymers with each type
of materials having its own advantages and limitations [6]. Ceramic comes from the
Greek word meaning “pottery”, though pottery is just part of the ceramic world.
The term “ceramic” covers inorganic non-metallic materials that are formed by the
action of heat to produced hard and strong mechanical properties [7]. A ceramic is
therefore an inorganic non-metallic solid made up of either metal or non-metal
compounds that have been shaped and then hardened by heating to high temperatures. Ceramics are divided into two groups: traditional ceramics and advanced
ceramics (engineering ceramics). However, nowadays advanced ceramics are further divided into three distinct categories: oxides ceramics (alumina, beryllium and
zirconia), non-oxides ceramics (borides, carbides, nitrides and silicides) and composites ceramics (particulate reinforced combinations of oxides and non-oxides) [7].
Metals are strong, cheap and tough, but they are heavy, chemically reactive and
present limitations on maximum operating temperatures. Moreover, polymers are
light and easily processable but can only be used at temperatures below 300 °C [6].
Ceramics are brittle solids particularly suited for withstanding high temperatures.
The different materials used in the fabrication of ceramics offer them a wide range
of properties. Compared to metals and polymers, most ceramics possess useful
features such as high-temperature strength, chemical stability (the ability to withstand the damaging effects of oxygen, acids and chemicals due to their inertness),
strength and brittleness, superior wear resistance and lower thermal and electrical
conductivity (electrical insulators). The retention of these properties at elevated
temperatures presents ceramic materials as a generic group to solving engineering
application problems [8]. Generally, these excellent characteristics features of
ceramics make them more suitable for a wide range of applications. The ﬁeld of
ceramics stands as an interesting area of research more especially where
nanoscience and nanotechnology have shown remarkable progress in the production of a variety of advanced materials with unique properties and performance.

1.1.1

Introduction to Nanoceramics

Nanoceramic is a term used to refer to ceramic materials consisting of at least one
component with dimensions in the nanometre range (1–100 nm). They encompass
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many forms of ceramics where at least one of the dimensions is in the nanoscale
range from nanosized and nanostructured particles, ﬁbres, tubes, sheets, rods, thin
ﬁlms, nanostructured surfaces to bulk materials developed for a wide range of
sectors/applications [9]. Since its discovery in 1980, nanoceramics have received a
great deal of attention from researchers as candidate materials due to their capability
improved and unique properties in comparison with conventional bulk ceramic
materials which are brittle and rigid and break upon impact. Nanoceramics exhibit
unique processing, mechanical, surface characteristics such as superplasticity,
machinability, toughness, strength and bioactivity due to ﬁne grain size, abundant
grain boundaries and controllable crystallinity [10]. Nanoceramics present a more
surface area to virtually anything they come into contact with due to the smaller size
of their constituents particles. This can be beneﬁcial in any application where a high
reaction rate is needed since more of it is able to react quickly with the targeted
reactant. Nanoceramics have applications in many present and emerging technologies. In terms of their strength, biocompatibility, hydrophilicity and wear
resistance, nanoceramic materials have been used in biomedical and health, environment applications. Furthermore, due to their insulating and/or conducting
properties, nanoceramics have uses in the construction of the next-generation chips
and other aspects of electronics. Other industrial applications of nanoceramics
include sensors, corrosion-resistant coatings, thermal barrier coatings, catalysts,
solid electrolytes for fuel cells, etc. Also nanoceramics have applications in weapon
manufacturing, space exploration, transport, construction and consumer goods.

1.2

Techniques to Develop Nanoceramics

Chemically prepared powders stand as the most common type of starting material in
the fabrication of ceramics [7]. In the fabrication process, addition materials are
added to the powder in order to produce the ceramic particles into desired shapes.
Unfortunately, the processing of such powders remains a challenge though the
resulting properties such as superior mechanical, electrical and thermal properties of
the coarse-grained ceramics are signiﬁcantly different from their traditional
homologues [11, 12]. The basic steps in the fabrication of nanoceramics involve
obtaining unagglomerated nanosized powders with uniform size distribution and
sintering to near theoretical density without grain growth [13].
Since its discovery, nanoceramics have been principally developed through the
sol–gel method. Thereafter, other methods such as sintering and two-photon
lithography were employed. In the sintering process, a solid is formed upon pressure and heat. For the purpose of this chapter we are going to dwell only on the sol–
gel method to fabricate nanoceramics.
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1.2.1

Aqueous Sol–Gel Chemistry for the Synthesis
of Nanoceramics

The sol–gel method of preparing metal oxide glasses and ceramics is carried out by
hydrolysing a chemical precursor to form a sol and then a gel, which on drying and
pyrolysis produces an amorphous oxide [14]. The sol is name given to the colloidal
solution made up of solid particles (a few hundred nm in diameter) suspended in
liquid phase and the gel refers to the solid macromolecule immersed in a solvent.
Indeed, the sol–gel technology is a well-established colloidal chemistry technology
which offers greater possibility to produce a range of materials with novel,
pre-deﬁned properties in a simple process at relatively low process cost. The process involves the conversion of a precursor solution into an inorganic solid via
inorganic polymerization reactions induced by water. The starting material or the
precursor is either a metal organic compound such as an alkoxide or an inorganic
metal salt (chloride, nitrate, sulphate, etc.). There are basically three steps involved
in this process, i.e. the partial hydrolysis of alkoxides to form reactive monomers;
the polycondensation of monomers to form colloid-like oligomers (sol); and ﬁnally
the additional hydrolysis to promote polymerization and cross-linking leading to
three-dimensional matrix (gel). These steps are represented in the following
equations:
Step 1 Partial hydrolysis
MðORÞn þ mH2 O ! mðORÞnm ðOHÞm þ ROH
Step 2 Condensation
2MðORÞnm ðOHÞm ! ðORÞnm M  O  ðORÞnm þ HOH
or
ðORÞn1 M  ðORÞ þ ðOHÞ  MðORÞn1
! ðORÞn1 M  O  MðORÞn1 þ ROH
Step 3 3D cross-linking between ðORÞnm M  O  ðORÞnm molecules [14].
It should be noted that as polymerization and cross-linking progresses, the
viscosity of the (sol) gradually increases until a sol–gel transition point is reached
where the viscosity abruptly increases and gelation occurs. After these processes,
heat treatment or sintering is performed to produce strong products. Metal alkoxides
are most frequently used alkoxides because they react readily water and well known
for many metals [15]. Examples of low-cost commercially available alkoxides are
those of Si, Ti, Al and Zr, whereas the alkoxides of Mn, Fe, Co, Ni, Cu, Y, Nb and
Ta are costly and unavailable. The use of transition metal oxides in the sol–gel
processing technology has much less been studied due to high reactivity of
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transition metal alkoxide [15]. In the sol–gel process, the structural and electrical
properties of the ﬁnal product are strongly dependent on the precursor solution, the
substrate and deposition conditions [16].
Generally, the sol–gel processing technology produces high purity and uniform
nanostructure materials at low temperatures. For decades the sol–gel process has
been widely employed to fabricate nanoceramic materials due to its pure and
homogenous products at mild conditions. Furthermore, the sol–gel technology
offers many possibilities where multiple compounds could be prepared with controlled stoichiometry by mixing sols of different compounds.

1.3

Recent Progress in the Field of Common
and Advanced of Nanoceramics

Ceramic is the oldest malleable material used by mankind since civilization. The
earliest ceramic-based compounds have always been produced from naturally
occurring materials such as clay minerals. Raw materials employed in the production
of traditional ceramics could be categorized under three groups: clay, silica and
feldspar. Clay mineral materials are formed by the weathering of igneous rocks under
the influence of water, carbon dioxide and organic acids. Typical clay minerals are
hydrated compounds of aluminium oxide and silica. Examples include kaolinite,
pyrophyllite, halloysite and montmorillonite. The major sources of silica are quartz,
which is made up of manly sand, sandstone and quartzite. Silica is used in the production of glass, refractories, abrasives, whiteware and enamels. Feldspar is also used
in the production of glass, pottery, enamel and other ceramic materials. Furthermore,
other naturally occurring materials in the production of ceramic materials include
asbestos, talc, sillimanite and wollastonite. In fact, traditional ceramics are made up of
high-volume materials such as bricks, tiles, toilet bowls (whiteware) and pottery.
Traditional ceramics have also been equated to low technology; however, advanced
manufacturing techniques such as such complex tooling, advanced machinery and
computer-assisted process control have been employed [17].
Advanced nanoceramics are also referred to as “technical” or “engineering” or
“industrial” ceramic materials. Due to their unique properties, advanced or engineered nanoceramic materials are considered to be most efﬁcient materials nowadays. As compared to other materials such as metals and polymers, they offer
superior properties such as mechanical properties, corrosion/oxidation resistance,
wear resistance, chemical inertness, electrical, optical and/or magnetic properties,
thermal shock resistance and low densities [18–20]. Based on these properties,
advanced nanoceramic materials play a crucial role in the progress of many ﬁelds of
technologies such as energy and environmental technology, transportation and
production technology, communication and information technology as well as life
sciences [21]. In recent years, many investigations of nanophase materials to date
have illustrated their general characteristics for various applications. It is known
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that the morphology and particle size distribution of these nanophase materials are
important factors that influence both physical and chemical properties. Available
nanoceramic materials are in the form of dry powder or liquid dispersions. The most
commercially important nanoceramic materials are silica (SiO2), titania (TiO2),
alumina (Al2O3), iron oxide (Fe2O3, Fe3O4), zirconia (ZrO2), zinc oxide (ZnO),
ceria (CeO2) and mixed oxides, e.g. indium–tin oxide (In2O3–SnO2), antimony–tin
oxide (Sb2O3–SnO2) and barium titanate (BaTiO3). Also silicon carbide and
tungsten carbide are among the modern nanoceramic materials commonly used
nowadays. They are used in areas where other ceramic materials could not be used,
for example, in abrasive environments, where they are used as the wear plates of
crushing equipment in mining operations. Advanced ceramic materials are also
employed in medicine, aerospace and electrical industries [22–25].

1.3.1

Silicate-Based Nanoceramics

Literature reveals that the use of nanopowders in the fabrication of ﬁne-grained
ceramics offers higher strength in comparison with their bulk or large grain
counterparts [26–28]. Advancement in nanotechnology in recent years has led to
the production of nanosized silica (SiO2) materials, which have been widely
employed as ﬁllers in engineering composites. The silica particles extracted from
natural resources contain metal impurities and thus not suitable for advanced scientiﬁc and industrial applications. Due to this limitation, attention is focused on
obtaining silica particles from synthetic silica such as silica gels, colloidal silica,
precipitated silica and pyrogenic silica which are pure and produced mostly in
powder forms [29, 30].
Li et al. [31] fabricated nanocrystalline corundum abrasive of crystal size less
than 100 nm using the sol–gel process via two-step sintering. In this process,
suppression of the grain growth was achieved by controlling sintering temperature
by making use (MgO–CaO–SiO2) as sintering aids during the ﬁnal stage of the
sintering process. Results showed a homogeneous microstructure of samples
without abnormal grain growth and the corundum abrasive exhibited excellent
abradability compared to conventional sintering methods.
Stoch et al. [32] used refractory oxides such as silica, alumina and silica–alumina
nanoceramic materials to develop multilayer coatings on carbon composites. In this
work, the sol particles were of nano-size range and the carbon composites were
covered with ceramic multilayer coats by electrophoretic deposition from ceramic
sols of silica, alumina sol and silica–alumina sol. Infrared spectroscopy (FTIR),
X-ray diffraction analysis (XRD) and scanning electron microscopy (SEM) were
used to study the phase composition, structural changes and morphology of the
ceramic sols, gels and ceramic layers before and after their annealing. Results
obtained showed that the rate of oxidation losses was much lower for the modiﬁed
composites with nanoceramic materials than that of non-modiﬁed inﬁltrated carbon
composite.
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Zirconia-Based Nanoceramics

Nanosized zirconia ceramics are of great interest due to their obvious improvement in
brittleness, toughness and strength, which change the thermal performance, electrical
performance, optical performance and mechanical performance of ceramic components [33]. Due to their hardness, lightness, good wear resistance and chemical
stability at higher temperatures, advanced ceramics such as zirconia and alumina are
usually used in basic and applied research as structural and functional component
materials [34, 35]. Zirconia-based ceramics are routinely used in structural applications in engineering such as in the manufacture of gas sensors, refractories, cutting
tools and structural opaciﬁers [36]. To meet up with structural demands, zirconia is
doped with stabilizers to achieve fracture toughness and high strength [37]. These
doped zirconia ceramics play a key role in technologies such as solid oxide fuel cell
(SOFC), oxygen sensors and oxygen pumps [38–40]. Fuel cells represent the technology for power generation by fuel. The efﬁciency of this technology is above 70%
as compared to conventional power generation of between 33 and 38% and moreover,
fuel cell-based power generation does not emit any particulates or noise [41]. A lot of
attention has been focused on this research area so as to preserve fossil fuels and
eventually protect the environment. For example, Mælanda and co-workers developed (ZrO2 + 4 mol% Y2O3) nanoceramics for solid oxide fuel cells (SOFCs) [41]
and acceptor (usually Y2O3, Gd2O3 or CaO)-doped ZrO2 and CeO2 are among the
most important oxygen ion conduction solid electrolytes used in SOFCs [39].
Furthermore, advanced applications of zirconia nanopowders include optical devices,
electrochemical electrodes and catalysts including photo-catalysts [37, 42].

1.3.3

Titania-Based Nanoceramics

In terms of crystal structure, TiO2 exists in three forms, i.e. rutile, anatase and
brookite. It is reported that at temperature range of 700–900 °C, the anatase and the
brookite structures irreversibly convert into the rutile structure [43, 44]. The
common process for obtaining nano-size titania ceramic materials is the peptized
sol–gel method [45, 46].
Nanosized titanium-based ceramics have proved to be beﬁtting materials for a
wide range of applications due to their superior characteristics such as better
mechanical properties, electrical properties, superior corrosion behaviour and
excellent biocompatibility [47]. For example, barium titanate (BaTiO3) is one of the
current ferroelectric oxides with perovskite structure (ABO3) extensively employed
in electrical industries due to its high dielectric constant [48–51]. It should be noted
that the superior electrical properties of BaTiO3-based materials have rendered them
widely applicable in a wide range of applications. Literature reveals that aluminium
titanate is formed by compaction of Al2O3–TiO2 powder mixtures with different
impurity contents and particle sizes [52, 53]. Generally, the electrical properties of
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ferroelectric ceramic materials are enhanced by increasing the grain size [48].
Aluminium titanate (Al2TiO5) ceramics have low thermal conductivity, low thermal
expansion coefﬁcient (*1  10−6 K−1) and excellent thermal shock resistance.
These properties make these materials more suitable in refractory and automotive
engineering applications, such as in metallurgical industries, engine components,
turbo charger and thermal barriers [53–57]. Furthermore, owing to its excellent
thermal expansion behaviour, it can be used as thermal resistant materials such as
containers and tubes for storage or the conveyance of high-temperature steel liquid,
catalysts carriers for puriﬁcation of fume produced by cars and as protective tube for
thermal couples, etc. [52]. The limitation of this ceramic is its tendency to
decompose in the temperature range of 750–1300 °C [56]. Other elements that
could be doped in the barium titanate matrix are lead (Pb) [58, 59], niobium
(Nb) [60], cerium (Ce) [61], Dysprosium (Dy) [62] and gadolinium (Gd) [48]. It is
observed that the doping of these elements or their oxides with barium titanate tends
to improve the temperature stability effectively to ensure good dielectric and
electrical properties at room temperature, high dielectric constant, low electrical
loss and high insulation resistivity of the ceramic materials.

1.3.4

Borate-Based Nanoceramics

The largest reserve of borates occurs in West Turkey which is principally made up
of boric oxide (B2O3) [63]. The principal sedimentary borate ore minerals are borax
decahydrate (Na2O2B2O310H2O), colemanite (2CaO3B2O35H2O) and ulexite
(Na2O2CaO5B2O316H2O), which are then reﬁned into pure chemical compounds
[63]. Glass ceramics in the form of 20MO55Bi2O325B2O3 (M = Ba, Sr) systems
are prepared by conventional melt quenching techniques, followed by heat treatment [64]. Boric oxide enhances and can improve chemical and mechanical
durabilities in ceramic materials, and hence it improves appearance and it is a flux
but does not increase the thermal expansion coefﬁcient of ceramic materials. These
excellent properties of borate make transparent glass–ceramic very important
materials for electro-optics [65–67], in laser systems as laser envelopes and solid
state laser (due to zero thermal expansion of glass–ceramic materials) [65], in
telescope mirrors [65]. Borate glasses containing alkaline earth oxides with PbO,
ZnO, Bi2O3 and/or TeO2 have wide applications in the ﬁeld of optoelectronics and
optical communications [64]. Among the various glass–ceramics investigated so far
for physical properties, tellurium dioxide (TeO2)-based glasses are promising for
various applications in optical devices because of their refractive index compatibility with those of well-known ferroelectric compounds [68, 69]. Depending upon
the substrate to which they are applied, ceramic glazes can be categorized into three
groups such as tiles (floor, wall and rooﬁng tiles), tableware (porcelain, stoneware,
earthen ware and china) and sanitaryware (porcelain and vitreous china). Sodium
borates are used to produce low viscosity frits for enamelling of metals such as cast
iron, aluminium and steel.
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Silicon Carbide-Based Nanoceramics

In recent years a lot of interest has been focused on silicon-based ceramics because
of their unique properties such as high-temperature superplasticity, enhanced
hardness and enhanced strength, low density, good thermal shock resistance,
radioactive resistance and abrasion resistance; they are seen as the next-generation
nuclear application materials due to a combination of these properties and low
nuclear activation [70–74]. Indeed, most silicon carbide ceramic materials have
very high hardness even harder than alumina and silicon nitride and as a result they
offer superior wear resistance, thermal shock and corrosion [75, 76]. The main
limitation of SiC ceramic materials is their low toughness which usually does not
exceed about 3.5 MPa m1/2 [73, 74, 77], though the mechanical properties could be
enhanced by the reduction in grain size down to the nano-size range with the
addition of some additives. Several sintering techniques have been utilized to
develop nanostructured SiC ceramics such as two-step sintering [78], spark plasma
sintering (SPS) [79–81], hot isostatic pressing (HIP) [82–84] and hot forging [85].
Silicon carbide ceramic materials are widely used as abrasives and refractories.
They are leading materials used as inner chambers of nuclear fusion reactors and for
power generation gas turbines [86, 87].
The properties of silicon nitride-based ceramics are similar to those of silicon
carbide-based ceramics. Due to its high-temperature structural components, silicon
nitride-based ceramics exhibit high thermal shock resistance, withstanding
quenching in cold water even from 800 to 1000 °C as compared to other ceramics
such as Al2O3 or ZrO2 which can withstand quenching from temperatures ranging
from 200 to 400 °C [88]. Other important excellent properties include high
strength, low density, wear resistance, high decomposition temperature and oxidation resistance, high resistance to chemical corrosion and low coefﬁcient of
friction.

1.3.6

Boron Carbide-Based Nanoceramics

Borides have lower electrical resistivity (7.8–22 µΩ cm) and higher thermal conductivities (60–125 W (m K)−1) at room temperature compared to carbide and
nitride ceramics [89–91]. Furthermore, they are resistant to chemical attack [89].
Thus, boron carbide ceramics exhibit physicochemical and mechanical properties
such as high modulus of electricity, excellent wear resistance in unfriendly environment, high strength-to-density ratio, high ballistic resistance, radiation stability
and dimensional steadiness [92]. Literature reveals that after diamond and cubical
boron nitride, boron carbide-based ceramic is the third hardest substance [93–95].
Considering the fact that modern machinery requires a new generation of structural
materials in which these properties are combined, boron carbide ceramics are
promising materials. Undoubtedly, due to their outstanding properties, boron
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carbide (B4C) ceramics have found extensive uses in a range of industries.
Mechanical applications include among others protective coatings of cutting tools,
protective armour materials, abrasives in polishing equipment, etc. Nuclear applications include protecting and controlling nuclear reactors (because of great neutron
absorption capability), in nozzle throats of missiles, etc. and electrical applications
such as in thermocouples up to high temperatures of 2200 °C [94–97].

1.4

Applications of Nanoceramics

In recent years, a lot of interest has been focused on the properties of these
nanosized ceramic materials. Their applications in various ﬁelds make use of
properties such as superior strength, fracture toughness, wear resistance, high
thermal shock resistance, corrosion/oxidation resistance, low densities, electrical,
optical and/or magnetic properties, chemical inertness, etc.

1.4.1

Industrial Applications

Nowadays, nanoceramics have potential industrial applications such as in electronic
applications, as industrial raw materials, as materials for refractories, etc.
Electroceramics have been widely used in a variety of electrical, optical and
magnetic applications because of their unique properties, namely very high
dielectric permittivity in Relaxor system, high piezoelectric and electro-mechanical
coupling on poling (electrical alignment), and very pyroelectric as well as
electro-optic coefﬁcients. Electroceramics with low dielectric constants are made
into substrates for integrated circuits, whereas those with high dielectric constants
are used in capacitors [98]. The dielectric, piezoelectric and pyroelectric properties
of barium titanate, lead zirconium titanate and modiﬁed lead zirconium titanate with
rare earths have been extensively studied [99–103]. Electroceramics with good
magnetic properties are good for transformer cores whereas those that are piezoelectric ﬁnd applications for microphones, etc. Electroceramics that exhibit optical
phenomena such as luminescence and lasing are exploited for use in fluorescent
lighting and in lasers. Those that exhibit changes in optical properties are extensively used as switches in optical communications, modulators, etc. [98]. The list of
applications of electroceramics in the industries is too long to be discussed in the
current chapter and as such our discussions will only focused on a few applications
of such materials.
Barium titanate is a ceramic material that is widely used in electronic industry
due to its high dielectric, ferroelectric and piezoelectric properties and low tangent
losses. BaTiO3 is an environmentally friendly material and a lead-free ferroelectric
ceramic. As such it stands as a good candidate for a wide range of application.
Barium titanate, perovskite structure, is used as basic ferroelectric materials in
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electronic components such as multilayer ceramic capacitors (MLCC), positive
temperature coefﬁcient thermistors (PTC), electro-sensors, actuators, electro-optic
devices and memory applications, to name a few [14, 104].
Based metal electrode multilayer ceramic capacitors are considered as one of the
most important passive components in the electricity industry because of their low
cost and high performance [105]. Gong et al. [106] used the synergistic effects of
rare earth elements holmium (Ho) and dysprosium (Dy) modiﬁed BaTiO3 dielectric
ceramics with core–shell structure to produce multilayer ceramics capacitors
(MLCCs). In this study, modiﬁed ﬁne-grained BaTiO3-based ceramics with different amounts of rare earth oxides of holmium and dysprosium were prepared by
chemical coating method and sintered in reduced atmosphere resulting in high
dielectric constant of 2600-3000 and superior temperature meeting of X7R speciﬁcations. The experimental results provide support for investigating material
composition optimization of multilayer ceramic capacitors (MLCCs) [106]. More
recent, Jia et al. [107] used barium titanate as ﬁller material for improving the
dielectric property of cyanoethyl cellulose/antimony tin oxide nanocomposites
ﬁlms. In this study, cyanoethyl cellulose/antimony tin oxide nanocomposites ﬁlms
were fabricated by introducing barium titanate and antimony tin oxide in cyanoethyl cellulose via simple solution blending technique. The results showed
cyanoethyl cellulose/barium titanate/antimony tin oxide nanocomposites ﬁlms with
better dielectric property as compared to cyanoethyl cellulose/antimony tin oxide
nanocomposites ﬁlms. Improved mechanical properties and dielectric permittivity
of cyanoethyl cellulose/barium titanate/antimony tin oxide nanocomposites ﬁlms
were as high as 147.30 at 100 Hz when the mass fractions of barium titanate and
antimony tin oxide were 30 and 28%, respectively [107]. The improvement on
mechanical property and dielectric property for the cyanoethyl cellulose/barium
titanate/antimony tin oxide nanocomposites ﬁlms could be attributed to the
homogeneous dispersion of antimony tin oxide in cyanoethyl cellulose matrix due
to the introduction of barium titanate as ﬁller.
Polymer crystalline ceramics with high dielectric constant are widely used in the
electronic industry for a wide range of applications such as in power transmission
devices, industrial capacitors, high energy storage devices, memory devices, etc.
[108, 109]. Nanosized ceramic materials such as Ba(Zn1/3Ta2/3)O3 and Ba
(Zn1/3Nb2/3O3) with low cost and high performance have been used by ﬁlter
engineers for microwave resonator applications [110]. Furthermore, lead-free
Ba0.95Sr0.05(Fe0.5Nb0.5)O3–BaZr0.1Ti0.9O3 and (Ba0.70Ca0.30)TiO3 ceramic materials have been used for energy storage [109, 111]. Doped ceramic materials such as
Bi0.487Na0.427K0.06Ba0.026TiO3-xCeO2, BaCu(B2O5)-doped SrTiO3-based ceramics,
doped yttrium lanthanum oxide ceramics, etc. have been used for energy storage
[112–114]. It should be noted here that the addition of ionic size rare earth oxides
such as DyO3, Er2O3, Ho2O3 and Y2O3 as dopant in the matrixes of these ceramic
materials changes the electrical properties and microstructure of these materials
greatly. This depends strongly on the change of site occupancy of rare earth oxides
in the ceramic materials lattices.
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Industries involved in the casting of steel melting and alloys are always interested in the utilization of maintenance free, functional refractories to achieve energy
efﬁcient metal processing [115]. As a result of this, advanced thermal ceramics are
employed for protective thermal insulation lining and molten metal handling crucibles. Conventionally, porous SiO2, Al2O3, SiC, ﬁreclay ceramic bodies have used
as thermal insulation refractory liner [116–121]. However, the use of ceramic
materials has dwindled because these materials tend to show some degree of
degradation in mechanical strength and microstructure. A search for materials with
high thermal shock resistance, high thermal stability, low conductivity, high fracture resistance and high corrosion/oxidation resistance has been ongoing. Sujith
et al. [115] reported the use of porous to dense lanthanum phosphate (LaPO4)
sintered ceramics for advanced refractories fabrication. In this work, lanthanum
phosphate with low thermal conductivity and machinable ceramic exhibited
attractive non-reactivity with molten metals. Results obtained showed a low thermal
expansion coefﬁcient (5  10−6 K−1) value for the LaPO4 ceramic material (which
is 50% lower than the reported value). In addition the refractory showed good
thermal shock resistance. The sintered LaPO4 ceramic also showed excellent alkali
and acid resistance, thus validating its use as a neutral refractory material [115].
Other materials such as calcium dialuminate Al2O3-based ceramics (CaAl4O7)
[122], aluminosilicate-based ceramics [123], Al2O3–C [124], Al2O3–MgO–C
[125]-based ceramic materials, etc. have been used in the fabrication of refractories.

1.4.2

Environmental Applications

All over the world, waste management is one of the major environmental issues.
With an increase in population and human activities, the amount of waste generated
is bound to increase remarkably. Ceramic materials, e.g. alumina, silica, zirconia or
calcium phosphate, are often used as adsorbent in remediating pollutants from the
environment because they offer superior mechanical resistance and chemical
resistance as compared to polymer-based adsorbents. Furthermore, ceramic adsorbents provide high surface areas or high liquid permeabilities with low pressure
drops. Klein et al. [126] used ceramic microbeads obtained by ionotropic gelation
for the puriﬁcation wastewater. In this study, porous membranes were prepared
from different inorganic colloids using ionotropic gelation of sodium alginate and
the properties of alumina/silica microbeads investigated. The porous alumina/silica
microbeads with high surface areas, adjustable pore sizes, and tailorable morphologies provided an excellent platform for further functionalization of these
materials for selective adsorbents for water and wastewater puriﬁcation.
Various researchers have reported the use of functionalized reactive ceramic
ultraﬁltration membranes for the removal of bacteria [127–129], organic matter
[130, 131], ions [132–134], dyes [135, 136, 137, 138], etc. Moreover, titanium
dioxide nanoparticles and TiO2 thin ﬁlms are routinely produced by the sol–gel
chemistry processing. Arabatzis et al. [139] used Au/TiO2 nanocrystalline thin ﬁlms
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for azo-dye degradation. The authors have established that the improvement on the
photocatalytic efﬁciency of titania ﬁlms by gold ions deposition was more than
100%. This enhancement was attributed to the action of Au particles which were
attracting conduction band photoelectrons and preventing electron hole recombination. Crisan et al. [140] used S-doped TiO2 materials for environmental protection. In this work, the authors used pure and S-doped TiO2 nanometer ﬁlms
prepared by sol–gel method for the degradation of chloride organic compounds
from aqueous solution. Results showed a higher removal efﬁciency of chlorobenzene (yield of 97%) was achieved from aqueous solution by S-doped TiO2 ﬁlms
than with undoped ones, in all cases, no matter the number of layers, the irradiation
time or the S-concentration. Furthermore, Athanasekou et al. [141] developed
hybrid alginate/ceramic membranes for the adsorption of cadmium(II) from
wastewater. In this study, multilayer silica, zirconia and alumina tubular nanoﬁltration membranes were modiﬁed using a natural organic polymer, alginic acid.
Results showed that alginate-modiﬁed ceramic membranes can be successfully
applied for wastewater cleaning applications with high metal retention efﬁciency.
Similar works have been carried out by Lam et al. [142], Abubakar et al. [143], Lu
et al. [144], etc.

1.4.3

Biomedical and Healthcare Applications

During the past decades, the rise in life expectancy has led to an increased demand
for the development of new medical materials. One of the most exciting and
rewarding areas of materials science involves application of materials to health care.
Bioceramics have experience great development in the last 50 years [145].
Bioceramics are ceramics for biorelated ﬁelds. Speciﬁcally, ceramic materials and
bioactive glasses have been used in the health care industry for diagnostic instruments, eyeglasses, bone tissue regeneration (tissue engineering), guided drug
delivery, implant applications, radiotherapy, artiﬁcial organs, medical devices,
ﬁbre-optics for endoscopy, etc. [145–150]. These materials have been used in the
aforementioned areas because they offer excellent properties such as of superior
mechanical and wear resistance, good bioactivity, biocompatibility and non-toxicity.
Ceramics and ceramic-coated devices have been incorporated into various
prostheses either for osseous ﬁxation or articulation devices [151]. Current ceramic
materials include alumina (Al2O3), alumina matrix composites (AMC), zirconia
(ZrO2), alumina-toughened zirconia (ATZ), zirconia-toughened alumina (ZTA),
silicon nitride (Si3N4) and hydroxyapatite (Ca10(PO4)6(OH)2). Ceramic coating
materials include zirconium nitride (ZrN), titanium nitride (TiN), calcium phosphates (Ca3(PO4)2, titanium niobium nitride (TiNbN) and also hydroxyapatite
(Ca10(PO4)6(OH)2. Indeed, all materials have found applications in orthopaedic
surgery in the past years.
In 1970, Dr. Pierre Boutin was the ﬁrst to implanted the ﬁrst hip prostheses with
Al2O3 ceramic bearings [151, 152] and since there then a lot of focused have been
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placed on alumina ceramics for orthopaedic surgery. Al2O3 has been the most
widely used ceramic material in total hip arthroplasty (THA) and this has led to its
adoption in other joints including ankle, knee, elbow, wrist, spine, phalanges and in
bone reconstruction [151, 153, 154, 155, 156, 157, 158, 159, 160].
Apatite-based ceramics have also been used concurrently with Al2O3 for bone
remodelling purposes. For instance, b-Tri-calcium phosphate (Ca3(PO4)2, TCP) and
calcium hydroxyapatite (Ca10(PO4)6(OH)2, Hap) have been suggested as corrective
therapies for various bone defects such as alveolar ridge augmentation, maxillofacial reconstruction, tooth repair and replacement, ossicles bone repair or as
burr-hole buttons, bone scaffolds, spinal fusion devices and orbital implants [146,
148, 151, 161, 162, 163, 164].
Zirconia-based ceramics represent a new generation of implants because they are
biocompatible and have approximately twice the strength and toughness of Al2O3
[165]. Zirconia-based ceramics are widely used in dentistry, i.e. in ﬁxed dental
prosthesis nowadays as a result of the high fracture resistance of zirconia frameworks [166, 167]. For example, yttria-tetragonal zirconia polycrystalline (Y-TZP)
exhibits excellent toughening properties, increasing the fracture toughness and thus
allowing its use for posterior tooth-retained and implant-retained ﬁxed dental
prosthesis. Damestani et al. [168] reported the transparent nanocrystalline
yttria-stabilized zirconia in calvarium prosthesis. Several other researches have
reported the use of zirconia-based ceramics in ﬁxed dental prosthesis [169–172].
Silicon nitride (Si3N4) is a high strength and tough industrial ceramic and this
combination of fracture toughness and hardness has led to it use as implant material
[173–175]. In addition it is biocompatible and visible on plain radiography as a
partially radiolucent material. These properties make silicon nitride (Si3N4) a
widely applicable biomaterial in orthopaedic. It is used to promote bone fusion in
spinal surgery and has been developed for bearing components of prosthetic hip and
knee joints [174, 176, 177, 178]. An important application of silicon nitride is its
use osteoﬁxation (using plates and screws) such as maxillofacial surgery because
this material is partially radiolucent meaning that the implant, adjacent bone and the
implant–bone interface can be visualized easily on plain radiography [174]. In
addition, because Si3N4 ceramic is non-magnetic, it enables magnetic resonance
imaging (MRI) examination of soft tissues proximal to Si3N4 implants with no
artefact as compared to examination of soft tissue proximal to metal implants [174].
Zirconia-toughened alumina, alumina matrix composites and alumina-toughened
zirconia ceramics have also been used in orthopaedic applications because of their
enhanced mechanical properties for articulation implants.

1.4.4

Defence and Space Applications

Ceramic materials because of their superior strength and toughness, exceptionally
corrosion resistance, resistance to wear, zero toxicity, high material thermal stability, etc. have been used as protection systems in military/defence and space
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applications such as ballistic protection, nuclear fuel uranium oxide pellets, tiles
used in the space shuttle programme, jet engine blades and missiles nose cones,
aerospace components, etc. [179–183]. For example, advanced ceramic materials
such as alumina, silicon nitride and aluminium nitride are used to manufacture
critical space components because of their excellent mechanical strength and they
retain dimensional stability through a range of high temperatures [184] and a lot
more.

1.4.5

Strategic Applications

Strategic applications of ceramic materials are enormous such as in mining, reﬁnery, automobile (e.g. heat shield, exhaust heat management, etc.), food and
chemical industries, packaging sciences, optical (e.g. optical ﬁbres and guided light
wave transmission, infrared heat-seeking devices, switches, lenses, etc.), industrial
and transmission electricity. For example, ceramic materials in the energy ﬁeld play
a very important role not only in the nuclear industry as fuel ceramics or for waste
immobilization but also for electricity generation, transport and storage [185, 186].
In the transport industry, ceramics are used in spark plug insulators, valves, etc.
More speciﬁcally, ceramic magnets such as hexaferrites are component parts of
motors, ﬁlters or for communication technologies devices [185, 187], etc.

1.5

Future Scope of Nanoceramics

Nowadays, modern machinery requires a new generation of structural materials
with high strength and wear resistance in combination with chemical stability,
thermal conductivity, radiation stability and dimensional steadiness. Nanoceramic
materials tend to be promising materials because of their unique mechanical and
physiochemical properties such as excellent wear resistance in unfriendly environment, high ballistic resistance, high thermal shock resistance, superior strength,
corrosion/oxidation resistance, low densities, electrical, optical and/or magnetic
properties and chemical inertness. From the point of view, ceramic materials would
be ideal desirable materials. It should be mentioned here that for half a century after
the development of silicon nitride (Si3N4) ceramic, this material is yet to fulﬁl its
promise in the biomedical ﬁeld. It is anticipated that an improvement on research on
the existing nanoceramic materials and other new ones could lead to their improved
properties and suitability for many applications that can hardly be realized with
other materials. Finally, while current attention should be devoted to the synthesis
of new ceramic materials for new applications, research on the improvement of
traditional processing techniques of ceramic materials should be accelerated.
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Chapter 2

Advance Techniques for the Synthesis
of Nanostructured Zirconia-Based
Ceramics for Thermal Barrier Application
Reza Shoja Razavi and Mohammad Reza Loghman-Estarki

Abstract The aim of this chapter is the review of various synthesis methods for the
preparation of zirconia-based nanostructure for thermal barrier coatings (TBCs)
application. To this end, the main materials used in TBCs, including metal oxide
(M) stabilized zirconia (M = MgO, CaO, Y2O3, CeO2, Sc2O3), codoped-zirconia,
rare earth-doped zirconiate (REZ) and zirconia–alumina nanocomposite, were
reviewed and easy scales up route for the synthesis of them were studied.

2.1

Introduction

Zirconia (ZrO2) as an oxide material is hard (Vickers hardness 13–24 GPa), tough
(fracture toughness 8–13 MPa m ½, strong (compressive strength 1000–
1800 MPa), thermally stable (m.p. 2680 °C), and chemically inert. Zirconia attracts
attention due to its application as an engineering ceramic for mechanical, thermal,
and electrical purposes.
To use zirconia to in thermal barrier application, stabilizing oxides (particularly
MgO, CaO, CeO2, Sc2O3, Al2O3, and Y2O3) are added in varying amounts to
signiﬁcantly modify its properties. When these stabilizers added in sufﬁcient
amounts, these oxides form a fully stabilized zirconia (FSZ) or partially stabilized
zirconia (PSZ) that exhibit a cubic (FSZ) or tetragonal (PSZ) structure at room
temperature, respectively. The PSZ powder (in form of flowable granules) was
usually used in thermal barrier application. TBCs have been employed to protect
the metallic components (e.g., combustion cans, blades, and vanes) of the hot
sections of aerospace and land-based gas turbines against the high temperature
environment. The state-of-the-art TBC system is currently formed by a metallic
bond coat (typically PtAl or MCrAlY, M = Ni and Co) and a zirconia–yttria
(ZrO2–7–8 wt% Y2O3) (YSZ) top coat. The typical thicknesses of TBCs vary
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between 100 and 500 µm, and they can provide a major reduction in the surface
temperature of the metallic components up to 300 °C, when combined with the use
of internal air cooling of the underlying metallic component. Due to this characteristic, TBCs allow gas turbine engines to operate at temperatures higher than that
of the melting point of the metallic components of turbines (superalloys), which is
approximately 1300 °C. Therefore, TBCs enable an increase in the efﬁciency and
performance, and a reduction in the pollution levels of these types of engines.
Design of microstructure of zirconia-based TBCs is possible by the control of
composition, fabrication route, and thermal treatment of original feedstock.
Furthermore, researches show that TBCs prepared from nanostructured feedstock
exhibit interior mechanical properties, thermal shock resistance, hot corrosion
resistance, lower thermal conductivity, and higher life time as compared as compared with conventional TBCs. Thus, the synthesis of nanostructured zirconia-based
powder is important for controlling properties of TBCs. The wet chemical synthesis
method of nanosized-REZ and nano-metal oxide stabilized zirconia, such as ZrO2
stabilized with MgO, CaO, Y2O3, Al2O3, and CeO2 and some codoped rare earth
stabilized zirconia, especially ceria, yttria stabilized zirconia (CYSZ) and scandia,
yttria stabilized zirconia (ScYSZ), and zirconia–alumina nanocomposite are discussed in this chapter.

2.2

Zirconia Structure and Its Applications

At atmospheric pressure, pure zirconia has three solid polymorphs which exhibit
three well-deﬁned polymorphs: monoclinic (m), tetragonal (t), and cubic (c) phases.
The monoclinic crystalline phase is stable at room temperature and transforms to
the tetragonal phase with lattice contraction at *1170 °C. On further heating
at *2270 °C, the tetragonal phase transforms to cubic phase with lattice expansion
[1–3]. On cooling, the reverse transformation occurs. Space group, lattice constants,
Zr–O bond lengths, and point group symmetry around Zr sites are summarized in
Table 2.1 [4].The structure of zirconia polymorph was shown in Fig. 2.1. However,
Table 2.1 Crystal structure of cubic-, tetragonal-, and monoclinic-ZrO2 (Reprinted with
permission from Ikeno et al. [4], Copyright © 2013, Institute of Physics [IOP])
Compounds

Space
group

Lattice constants
(Å, deg)

Point group
symmetry

Zr–O bond
length (Å)

c-ZrO2
t-ZrO2

Fm 3m
P42/mnc

a = 5.1291

Oh

2.2210 (8)

a = 3.64
c = 5.27
a = 5.145
b = 5.2075
c = 5.3107
b = 99.23

D2d

2.065
2.463
2.189
2.285
2.163
2.220
2.057
2.151

m-ZrO2

P21/c

C1

(4)
(4)
(1)
(l)
(l)
(l)
(l)
(l)
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Fig. 2.1 Schematic representation of the three polymorphs of ZrO2 and the corresponding space
groups: a cubic, b tetragonal, and c monoclinic red and blue spheres indicate Zr and O ions
respectively d changing in coordination of Zr atoms from seven to eight fold

transformation of t m phase was caused damage in TBC due to increasing 3–5% in
volume of resulted m-phase. The tetragonal structure of zirconia is shown in
Fig. 2.1b. The unusual volume change, i.e., contraction on heating and expansion
on cooling, during t ! m phase transformation leads to extensive cracking The
transformation of the monoclinic to tetragonal form is not straight forward and has
martensitic nature. The most signiﬁcant event occurring during this transformation
is the change in coordination of Zr atoms from seven to eightfold. The probable
atomic route by which this increasing in coordination is achieved is indicated in
Fig. 2.1d [5].
The applications of zirconia strongly depend on both crystal structure and phase
transformations [6]. Fully stabilized zirconia (Cubic phase of zirconia) are found to
be useful in high-temperature solid oxide fuel cells (SOFC), high-temperature pH
sensors, oxygen sensors, water electrolyzers, oxygen sensors, electrochemical
capacitor electrodes, and ferrules due to its ionic, electrical, and optical properties.
Tetragonal zirconia can be used as an effective catalyst due to unique amphoteric
characteristics and redox properties. The transformable tetragonal zirconia (called
t-phase) used as engineering ceramic material (useful for refractory materials and as
abrasives) it shows high values of strength and hardness. This hardening mechanism
is due to the transformation of the tetragonal phase into the monoclinic phase which
implies a volume change associated with pseudoplasticity. The ‘non-transformable’
metastable tetragonal phase (called t′) [7] is remarkably resistant and does not
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Table 2.2 Applications of zirconia and related oxide materials (Reprinted with permission from
Patil et al. [5], Copyright © 2008, World Scientiﬁc)
Materials

Applications

ZrO2

Heat resistance lining in furnace, opaciﬁer for organic glazes,
glower in incandescent light, abrasives
Catalyst for methanol synthesis
Oxygen storage capacitor (OSC)
Electrode in MHD channel
Solid electrolyte in fuel cells, sensors, water electrolyzers, O2
semipermeable membrane, high-temperature heating
elements, cathode in plasma torch
Anode material for SOFC
Dielectric resonator for microwave applications
American diamond
Extrusion and wire drawing dies, hammers, knives,
automotive parts, bearings, thermal barrier coatings
Glazes, gemstones, enamels, and pigments for tiles, tableware,
sanitaryware
Heat engines, rocket nozzles, cutting tools, grinding wheels
Gas igniters, recording pick ups, ultrasonic transducers, echo
sounders, microphones, and loud speakers
Optical shutter
Refractories, radio-active waste disposal, high-temperature
heating elements, electrodes in MHD generators
Host for fluorescent centers
Solid electrolyte membranes for energy storage (batteries)
energy conversion, electrochemical sensors, electrochromic
displays, electrolysis of sodium chloride, immobilization of
radioactive wastes, catalyst supports, spark plugs, heat
exchangers, optical mirror substrates

ZrO2/Cu–ZrO2
CeO2–ZrO2
ZrO2–CaO–Ta2O5
Stabilized ZrO2–CaO, MgO,
Y2O3 (YSZ)
Ni–YSZ
TiO2–ZrO2
ZrSiO4 (Zircon)
Partially stabilized zirconia
Rare earth dopped
ZrO2–Al2O3
Pb(Zr,Ti)O3
Pb,La(Zr,Ti)O3
Ln2Zr2O7, CaTi2–ZrO7
Ln2(Eu)Zr2O7
NASICONs (MZr2P3O12,
M = Na, K, ½ Ca)

undergo the transformation to the monoclinic phase under stresses. The t′ phase is
widely used for thermal barrier applications due to the formation of a tweed
microstructure which tends to increase the thermo mechanical performances [8].
This microstructure corresponds to a three-dimensional pseudoperiodic lattice of
stabilizer or dopant agent (such as MgO, Y2O3, CeO2, Sc2O3, etc. particles) with in
all of the t′ grains [7]. In description of next section, we explain how one can
determine t′ phase from t- and c-phase of zirconia. Some applications of zirconia and
related oxide materials are summarized in Table 2.2 [5].

2.2.1

Types of Stabilized Zirconia

As mentioned at the beginning of the chapter, pure zirconia is transformed from
tetragonal to monoclinic phase and thus volumetric changes are associated with this
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transformation when temperature is changed. This transformation is not desirable in
the application of thermal barrier coatings. Therefore, it can be stabilized with either
CaO (5 wt%), MgO (15–24 wt%), or Y2O3 (6–12 wt%) [1]. These stabilizers allow
the stabilization of both the metastable tetragonal phase and cubic phase of zirconia.
The selection of TBC materials is restricted by some basic requirements [9–11]:
(1) high melting point, (2) no phase transformation between room temperature and
operation temperature, (3) low thermal conductivity, (4) chemical inertness,
(5) thermal expansion match with the metallic substrate, (6) good adherence to the
metallic substrate, and (7) low sintering rate of the porous microstructure. The
advantages and disadvantages of main TBC materials are compared with conventional YSZ and listed in Table 2.3.

Table 2.3 TBC materials and their characteristics (Reprinted with permission from Cao et al. [9],
Copyright © 2004, Elsevier)
Materials

Advantages

Disadvantages

7–8 YSZ

(1) High thermal expansion
coefﬁcient
(2) Low thermal conductivity
(3) High thermal shock resistance
(1) High corrosion resistance
(2) Low thermal conductivity
(3) Good thermal-shock resistance
below 1273 K
(4) Not oxygen-transparent
(1) High corrosion resistance
(2) High hardness
(3) Not oxygen-transparent

(1)
(2)
(3)
(4)
(1)
(2)

Mullite

Alumina

YSZ + CeO2

La2Zr2O7

(1) High thermal expansion
coefﬁcient
(2) Low thermal conductivity
(3) High corrosion resistance
(4) Less phase transformation
between m and 1 than YSZ
(5) High thermal-shock resistance
(1) Very high thermal stability
(2) Low thermal conductivity
(3) Low sintering
(4) Not oxygen-transparent
(1) Cheap, readily available
(2) High corrosion resistance

Sintering above 1473 K
Phase transformation (144.1 K)
Corrosion
Oxygen-transparent
Crystallization (1023–1273 K)
Very low thermal expansion
coefﬁcient

(1) Phase transformation (1273 K)
(2) High thermal conductivity
(3) Very low thermal expansion
coefﬁcient
(1) Increased sintering rate
(2) CeO2 precipitation (>1373 K)
(3) CeO2-loss during spraying

(1) Relatively low thermal expansion
coefﬁcient

(1) Decomposition into ZrO2 and SiO2
during thermal spraying
(2) Very low thermal expansion
coefﬁcient
Improvement of YSZ TBCs: (1) post-deposition of the coating with sealants [24, 25] or laser
irradiation of the coating surface [26] for belter corrosion resistance; (2) gradient [6, 27, 28] or
multilayered [6, 29–32] coatings with other materials; (3) thick TBC for better thermal insulation
[33, 34]
Silicates
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Creation of nanostructure materials is a promising approach to yield modern
TBCs. In recent years, nanostructured zirconia-based TBCs deposited by atmospheric plasma spraying have received considerable attention because of some
astonishing properties (such as improving thermal shock and hot corrosion resistance, lower thermal conductivity, higher life time) not found in their conventional
counterparts [12–14]. These nanostructured TBCs produced from nanopowder.
Generally, ﬁrst, zirconia-based nanopowders produced in at least 300–500 g with
liquid phase techniques. Then, due to low density and poor flowability of
nanoparticles, the as-obtained nanopowders were granulated with spray drying
method. The preparation details of zirconia-based nanogranules were published in
our recent literatures [15, 16]. Nanostructured partially stabilized zirconias can be
prepared by solid or liquid or gas phase. The solid phase, such as ball-milling
method is easy to handle but impurities was inserted in the sample. The gas phase
route needs high cost equipment but have more ability to scale up. Liquid phase
techniques (such as wet chemical synthesis) are easy to control more homogeneity,
purity, and low cost as compared to solid or gas phase method. Thus, in continue,
we discuss about the synthesis of some important nanostructured stabilized zirconia
powders for TBCs application via three simple wet chemical synthesis including
especially combustion, coprecipitation and sol–gel method. In some case, the spray
pyrolysis, microwave-assisted and melting salt method were studied. It should be
mentioned that the order of TBC material was introduced below is in accordance
with history of using it as TBCs.

2.2.1.1

Magnesia-Stabilized Zirconia

Magnesia-stabilized zirconia (MSZ, 15–24 wt% MgO) ceramic powders have been
extensively used for more than 30 years to protect sheet metal combustor, resist the
effects of molten copper or aluminum on various types of molds and troughs, resist
particle erosion at temperatures of about 845 °C (1550 °F) on missile nose cones,
and serve as thermal barrier on brazing and heat treating, and coatings on tuyeres
for iron forging or reﬁning operations. However, Pratt and Whitney company used
MgO-stabilized zirconia TBCs on burner cans in 1963 [17]. Among different
materials, ZrO2–MgO ceramic powder is relatively cheaper than ZrO2–Y2O3. That
is why, it is utilized in those regions where the temperature intensity is relatively
low, e.g., in the exhaust of the jet engines. Further, a MgO-stabilized system can be
used for the development of an intermediate coating in a three-part graded coating
system with magnesium zirconate as a top coat [18]. Furthermore, on the basis of
reaction, MgO-stabilized ZrO2 would be expected to be more resistant to vanadium
fuel impurities than YSZ; and this appears to have been found in marine engine
service [19]. Disadvantage of 24% MgO ± ZrO2 is most difﬁcult to plasma spray
because of its tendency to vaporize at elevated temperatures. Furthermore, MSZ is
known to exhibit destabilization of c-ZrO2 to m-ZrO2 when exposed to temperatures above 950 °C [20]. This degradation reaction results in an increase in its
thermal conductivity as well as structural disintegration.
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Recently, a number of methods have been used to synthesize magnesia-stabilized
zirconia nanoparticles, such as in situ peptization of coprecipitated oxalate gel,
combustion method, alkoxide sol–gel processing and Pechini-type sol–gel method
[21–26]. In continue, we review some of these synthesis methods.
Settu [27] was reported synthesis of MgO–ZrO2 nanopowders by using three
methods of chemical coprecipitation, peptization and alcohol washing methods. In a
typical synthesis of MgO–ZrO2 nanopowders by coprecipitation, the solutions of
0.7 M of ZrOCl28H2O, Mg(NO3)26H2O (corresponding to 7 mol% of MgO and
93 mol% of ZrO2 in the ﬁnal oxide powder) were intimately mixed in a glass
beaker using a stirrer and paddle. Then, the H2C2O42H2O solution was added
dropwise into the vigorously stirred mixed cation solutions, which yielded a white
gelatinous precipitate and was allowed for 12 h to settle down. The resultant precipitate was ﬁltered and divided into three batches, which were designated as P1,
P2, and P3, respectively. The third batch of the precipitate was washed thoroughly
with ethyl alcohol. All these powders were oven dried at 50 °C until water gets
evaporated. The dried powders P1, P2, and P3 were all calcinated at 470–850 °C
for 1 h to ascertain crystallization temperature using powder X-ray diffraction.
The steps of in situ peptization of MgO–ZrO2 Powder were shown in
Scheme 2.1. X-ray diffraction pattern for the calcinated powders reveal that all
samples are in tetragonal phase (Fig. 2.2). The precipitated and peptized powders
show almost same characteristics for TGA and DTA analysis where as the alcohol
washed powder behaves differently. Surface area analysis shows the alcohol
washed powder has more speciﬁc surface area than the other two powders which is
due to the interaction of alcohol with inter particle surfaces of powder (Table 2.4).
The zirconia–magnesia (ZrO2–x mol% MgO; x = 3–90) solid solutions were
prepared by the citrate gel method [28]. The metastable tetragonal (t′) form was
determined in MgO-doped ZrO2 calcinated at 800 °C. Samples containing up to
50 mol% MgO were revealed to be monoclinic ZrO2 solid solution and MgO when
calcinated at 1000 °C. Moreover, ZrO2–x mol% MgO (x = 60–90) solid solutions
have metastable tetragonal t′ with MgO phase at 800 and 1000 °C, whereas no
cubic phase was determined at any compositions of zirconia-based solid solutions.
In this study, citric acid was completely dissolved in water. Then, ZrOCl28H2O
(35.70% as ZrO2) was added to aqueous solution before MgCO3 (43.4% as MgO)
stabilizer was introduced to the mixture at room temperature. When the clear
solution was obtained, temperature on magnetic stirrer was adjusted to 200 °C.
After couple hours, gelation initiated, which was conﬁrmed by color and viscosity
changes in the mixture. The gel was conveyed to a mantle heater where temperature
was adjusted to 400 °C for 8 h to remove organic matters. Finally, browny black
agglomerated powders or citrate gel precursor were obtained. Heat treatment was
carried out to powders at various temperatures (from 400 to 1500 °C) for 2 h. In
ZrO2–(3–50) mol% MgO solid solutions, as calcination temperature increased,
t′-ZrO2 transformed to m-ZrO2. This is attributed to enhancement of the crystallite
size at higher temperature (Fig. 2.3). Gocmez [28] mentioned that the nucleation
and propagation of microcracks were responsible for overcoming a high-energy
barrier, DG  t′ ! m. The crystallite size effect governs both the statistic of
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Scheme 2.1 Flow chart for
preparation of different MSZ
nanopowder (Reprinted with
permission from Settu [27],
Copyright © 2000, Elsevier)

martensitic nucleation and the propagation of the t′ ! m transformation. On the
other hand, in the ZrO2–(60–90) mol% MgO sample, it was found that the t″ ! t′
transformation is not related to the crystallite size (varied from 24 to 47 nm) in this
study, reflecting the small energy barrier, DG  t′ − t. TEM image (Fig. 2.4)
showed that synthesized powders have equiaxed-rounded shape and crystallite size
(40–50 nm) was in good agreement with XRD results (47 nm).
The cubic to tetragonal phase transition in doped zirconia occurs by an elongation of the crystallographic c axis and a concomitant displacement of the oxygen
atoms from the ideal anion sites in the fluorite (cubic phase f zirconia) structure.
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Fig. 2.2 X-ray diffraction
pattern as a function of heat
treatment for the different
samples of MSZ: P1
as-precipitated powder; P2
peptized powder; P3 alcohol
washed powder (Reprinted
with permission from Settu
[27], Copyright © 2000,
Elsevier)

Table 2.4 Variation of surface area and MSZ particle size as a function of temperature (Reprinted
with permission from Settu [27], Copyright © 2000, Elsevier)
PI
Calcination
temperature (°C)
Speciﬁc surface area
(m2 g−l)
Average crystallite
size (nm)

P2

P3

470

600

850

470

600

850

470

600

850

48

22

6

55

28

8

68

37

11

27

58

192

25

49

165

22

37

159

Raman spectroscopy is sensitive to the polarizability of the oxygen ions and
therefore, it can be used to determine the symmetry of a crystal system. Raman
spectroscopy is a nondestructive experimental technique for probing the vibrational
and structural properties of materials. It is also recognized as a powerful tool for
identifying different polymorphs of metal oxides. Ruiz-Trejo [29] was reported that
the other way to distinguish c-phase from t-phase of zirconia is that the c-phase
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Fig. 2.3 The XRD patterns of ZrO2 containing (60, 70, 80, and 90) mol% MgO At (a) 800 °C
(b). 1000 °C (Reprinted with permission from Gocmez and Fujimori [28], Copyright © 2008,
Elsevier)

show high intensity fluorescence (FL) between 1000 and 2000 cm−1 but t-phase of
zirconia emitted very weak FL peak. Table 2.5 shows the activities of the allowed
zone center mode in zirconia for several different structures [29–35]. According to
group theory, monoclinic (m-ZrO2), tetragonal (t-ZrO2), and cubic zirconia
(c-ZrO2) are expected to have 18 (9Ag + 9Bg), 6 (1A1g + 2B1g + 3Eg) and 1 (F2g)
Raman active modes. It is worth noting that the six Raman frequencies of t-zirconia
in different literatures are in the range of (i)131 (Eg mode)-155(B1g), (ii) 240(Eg)266 (A1g), (iii) 290 (B1g)-330 (E1g), (iv) 410 (E1g)-475 (Eg), (v) 550 (A1g)-615
(B1g), (vi) 616 (Eg)-645 [29–35].
Raman spectroscopy was also used to distinguish between cubic and tetragonal
structures. Six characteristic bands of the tetragonal zirconia were observed in the
Raman spectrum (Fig. 2.5) of ZrO2−x mol% MgO (x = 60–90). The peak around
470 cm−1 shows the tetragonal phase, which cannot be attributed as the cubic phase
[36].
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Fig. 2.4 TEM micrographs of the ZrO2–60 mol% MgO solid solution prepared by the citrate gel
method at 1000 °C (Reprinted with permission from Gocmez and Fujimori [28], Copyright ©
2008, Elsevier)

Table 2.5 Allowed active mode for several different structure of zirconia (Reprinted with
permission from Davar et al. [6], Copyright © 2013, Elsevier)
Method

Cubic

Tetragonal

Monoclinic

IR
Raman

F1u
F2g

A2u + 2Eu
A1g + 2B1g + 3Eg

8Au + 7Bu
9Ag + 9Bg

Fig. 2.5 Raman spectrum of ZrO2–(60, 70, 80, and 90) mol% MgO at 800 °C (Reprinted with
permission from Gocmez and Fujimori [28], Copyright © 2008, Elsevier)
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Magnesia-stabilized zirconia powders (7 mol–14 mol% MgO) are prepared by
the combustion of an aqueous solution containing stoichiometric amounts of zirconyl nitrate, magnesium nitrate, and carbohydrazine (CH) in a cylindrical Pyrex
dish [37]. The solution when heated rapidly at 350 °C boils, foams, and ignites to
burn with a flame yielding voluminous foamy zirconia powder in less than 5 min.
During combustion, the magnesium nitrate added to the redox mixture decomposes
to MgO and stabilizes the high-temperature ZrO2 phase. The equivalence ratio for
zirconium oxynitrate/magnesium nitrate and CH is 1:1.25. The combustion product
shows the fully crystalline nature of zirconia powders (Fig. 2.6). The 7MSZ
nanoparticle with average size of 60–70 nm was obtained by this method.
As the calcination temperature is increased, the concentration of monoclinic
phase also increases. The t-phase disappears only after the specimen is heated to
1500 °C. The variation in the lattice parameters of ZrO2–7 mol% MgO with calcination temperature are calculated and are shown in Table 2.6. The data reveal that
the cell parameter values decrease as the calcination temperature of the combustion
residue increases.
With an increase in the calcination temperature, the tetragonality (c/a) initially
increases and then it decreases as the percentage of MgO content increases. The
properties of ZrO2–MgO powders are summarized in Table 2.7. The powder densities of ZrO2 are in the range of 50–60% of theoretical density and the surface areas
in the range of 8–14 m2g−1. As the MgO content increases there is a slight increase

Fig. 2.6 XRD patterns of
calcinated ZrO2–7 mol%
MgO: a 950 °C, b 1150 °C,
and c 1500 °C (Reprinted
with permission from Arul
Dhas and Patil [37],
Copyright © 1993, Springer)
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Table 2.6 Variations of cell parameters of MSZ with temperature (Reprinted with permission
from Arul Dhas and Patil [37], Copyright © 2008, Elsevier)
Temperature (°C)
As-formed
950
1150
1250

Lattice parameter
a (nm)
c (nm)

c/a

0.51331
0.50974
0.50953
0.50935

1.006
1.009
1.007
1.006

0.51558
0.51420
0.51350
0.51280

Monoclinic phase (%)
–
14
15
17

Table 2.7 Particulate properties of combustion-derived ZrO2–MgO nanopowders (Reprinted
with permission from Arul Dhas and Patil [37], Copyright © 1993, Springer)
Number

Material

Phasesa
by XRD

ZrO2–7 mol%
t
MgO
t+c
2
ZrO2–9 mol%
MgO
3
ZrO2–14 mol% c
MgO
a
t tetragonal; and c cubic
b
From X-ray-line broadening
1

Surface
area
(m2 g–1)

Average
agglomerate
size (lm)

Crystallite
sizeb (nm)

Powder
density
(kg m−3)

29.0

3200

8

1.8

26.0

3300

10

2.3

24.0

3400

14

2.5

in the surface area while the crystallite size decrease. This occurs possibly due to the
increase in the defect concentration indicating single-phase (Zr1−xMgxO2−x) formation of the combustion residue.
There are mainly ﬁve most popular procedures on the basis of sol preparation for
the sol–gel derived powders by the thermal crystallization of gel pieces synthetic
protocol. These include the use of (i) “all alkoxides” (as the source of cations),
followed by hydrolysis–condensation, (ii) alkoxides and salts, (iii) “all salts,” followed by processing to sol formation, (iv) “all salts,” along with suitable polymers
or other organics for gel formation, and (v) all or partial colloidal sols [38].
However, metal alkoxides are the most important precursors employed in sol–gel
processing through the hydrolysis and polycondensation of metal alkoxides
mechanism, ending up with the formation of metalloxane bonds. Sol represents
“colloidal solutions,” and polymerizable complex (PC) method seems to be the
easiest and the most elegant variation of sol–gel methods. In this method, unlike
metal alkoxides route, there is the conversion of “polymer solutions” and not
“colloidal solutions” into the gels. It is also called “sol–gel transition.”
Actually,“polymer solutions” is not called a “sol.” However, no other terms other
than sol–gel transition can represent this kind of conversion, and it should be
recognized that “sol–gel method” is a processing that passes through sol–gel
transition regardless of the types of precursors [38].
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Among wet chemical methods for synthesizing MSZ nanopowders, Pechini’s
method, which is the main kind of polymerizable complex method, was used
because it made it relatively easy to produce nanoparticles. In Pechini sol–gel
process, an alpha-hydroxycarboxylic acid such as citric acid is used to chelate with
various cation precursors forming a polybasic acid. In the presence of a polyhydroxy alcohol, such as ethylene glycol, these chelates will react with the alcohol to
form organic esters and water. By heating the mixture, polyesteriﬁcation occurs,
yielding a homogeneous sol; metal ions are found to be uniformly distributed
throughout the organic matrix in that sol. The crystallization occurs simultaneously
with the elimination of the organic matter in a subsequent thermal treatment, giving
rise to a crystalline material with high chemical and structural homogeneity [39].
Recently, our groups [39] were synthesized MgO–ZrO2 nanopowders by Pechini
sol–gel method. Solutions of ZrOCl2–8H2O, Mg(NO3)26H2O (corresponding to 24
wt% of MgO and 76 wt% of ZrO2 in the ﬁnal oxide powder) were prepared by
slowly adding the respective salts in a constantly stirred water-containing glass
beaker. The prepared solutions of ZrOCl28H2O and Mg(NO3)26H2O were well
mixed in a glass beaker using a magnetic stirrer and hot plate. Then, the citric acid
solution and ethylene glycol were added into the stirred mixed cation solutions,
thereby yielding a colorless solution that was allowed to settle down at the temperatures of 100, 200, and 300 °C, each for 2 h. All these precursors were oven
dried at 250 °C until water and other organics were evaporated. The resultant
burned gel was calcinated in a furnace at different temperatures and times according
to M16 array of Taguchi experiment design. Table 2.8 was summarized experiment
factors, levels and particle size of the as-synthesized MSZ nanopowders. Figure 2.7
illustrates the chemical reactions involved in this process and presents one feasible
structure of the polymer.
Consequently, citric acid to ethylene glycol mole ratio (CA/EG) and citric acid
to transition metal mole ratio (CA/TM) were found to be the main parameters
having a signiﬁcant effect on particle size and the size distribution of
magnesia-stabilized zirconia nanoparticles, respectively. In optimal conditions of
this method (sample 2, magnesia-stabilized zirconia nanoparticles (20–30 nm) with
homogeneous particle size distribution were prepared and the results were in a good
agreement with the predicted data as examined by Taguchi method (sample 2 in
Table 2.8). Furthermore, in Pechini sol–gel process, for synthesizing MSZ
nanoparticles, it was found out that the formation of the tetragonal and monoclinic
ZrO2 in some cases and, the cubic MgO phase in all samples indicated that the
departure of the rapid solidiﬁcation from equilibrium was more than that of the sol–
gel process. Furthermore, the thermal conductivity and diffusivity of nano-MSZ are
lower than that of traditional magnesia-stabilized zirconia. The grain size of optimal
MSZ is 20–30 nm (Fig. 2.8), which is comparable to phonon mean free path owing
to grain-boundary scattering. The small grain size leads in lower thermal conductivity owing boundary thermal resistance endorsed by phonon scattering at grain
boundaries [40, 41].
The variation in thermal diffusivity and thermal conductivity values of conventional MSZ and nano-MSZ from room temperature to 1300 °C are presented in
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Table 2.8 Experiment factors, levels and particle size of the synthesized MSZ powders
(Reprinted with permission from Hajizadeh-Oghaz et al. [39], Copyright © 2015, Elsevier)
Experiment
no.

CA/EG

CA/TM

Calcination
temperature
(°C, ±5)

Calcination
time (h)

Average particle
size (nm, ±1)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
Total

1
1
1
1
2
2
2
2
3
3
3
3
4
4
4
4
40

1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
40

600
700
800
900
700
600
900
800
800
900
600
700
900
800
700
600
40

4
6
8
4
8
4
4
6
4
8
6
4
6
4
4
8
28

17
19
14
21
22
20
19
30
32
20
34
38
20
27
30
31

Fig. 2.9. In both MSZ signiﬁcant increase of a(T) was observed at the temperature
range of 800–1300 °C. This was predominantly caused by the precipitation of the
MgO from the zirconia matrix leading to unstabilization of the cubic/tetragonal
zirconia (c/t–ZrO2 to m–ZrO2). Furthermore, at high temperatures, radiative heat
transfer through the material in the course of the thermal diffusivity measurement
might lead to this apparent increase [40].

2.2.1.2

Calcia-Stabilized Zirconia (CaSZ)

CaO–ZrO2 compositions show poor stability with respect to spraying parameters
[42]. Moreover, this TBC material show low thermal shock resistance as compared
with conventional YSZ TBC. Due to these disadvantages of 5CaSZ, to the best of
our knowledge, there is not any report about synthesizing 5CaSZ nanopowders for
TBC application. However, the calcia-stabilized zirconia with more than 5 wt%
stabilizer (such as 10–15 CaSZ) have huge application in solid electrolyte fuel cell.
It seems the general strategies for wet chemical synthesis of CaSZ were similar to
that of MSZ nanopowders. However, in this section, potential scale-up method
(spray pyrolysis method) for synthesizing of this nanopowder was studied.
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Fig. 2.7 Schematic illustration showing the solution chemistry and reactions involved in the
Pechini process (Reprinted with permission from Hajizadeh-Oghaz et al. [39], Copyright © 2015,
Springer)
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Fig. 2.8 a FESEM
photograph b TEM of the
optimal MSZ nanopowder
prepared by Pechini method
(Reprinted with permission
from Hajizadeh-Oghaz et al.
[39], Copyright © 2015,
Springer)

Nanospherical Ca0.15Zr0.85O1.85 (CaSZ, 15 mol% CaO) nanopowders were prepared by spray pyrolysis, starting from a mixed aqueous and ethylic solution of
zirconium acetylacetonate and calcium acetate [43]. It has been demonstrated the
feasibility to produce CaSZ nanopowders without post-heat treatment with the spray
pyrolysis technique. Compared with the traditional method, the powders are
obtained in one step, saving time and energy. The powders were synthesized without
sintering, and for adequate preparation conditions, were mostly spherical, solid and
narrowly size distributed. Average particle size ranges between 40 and 350 nm with
controlling solution concentration, furnace temperature, mass flow of carrier gas and
voltage of precipitator. Transmission electron micrographs (Fig. 2.10) showed that
crystalline calcia-stabilized zirconia particles were constituted by small crystallites,
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Fig. 2.9 Thermal diffusivity a(T) and thermal conductivity K(T) results of the Conventional [40]
and nanostructured MSZ (Reprinted with permission from Rauf et al. [40], Copyright © 2012,
Elsevier)

their size varying between 2 and 40 nm. X-ray diffraction analysis shows that
powders obtained at low temperature (Below 650 °C) were amorphous; for higher
temperatures (800 °C), it is found the presence of the tetragonal and cubic phases
(Fig. 2.11).

2.2.1.3

Yttria Stabilized Zirconia (YSZ)

According to phase diagram of YSZ (Fig. 2.12) [5] and NASA research [44], it was
shown the best life time of YSZ as a TBC was obtained with 7 wt% (*3.9 mol%)
Y2O3 as stabilizing agent. The literature reviews show that the different wet
chemical methods were used for synthesizing YSZ nanopowder. However, among
these methods, for TBC application, the combustion, alkoxide sol–gel, and Pechini
methods were the focuses of researchers attend.
Various phases of yttria stabilized zirconia with different mol% of yttria have
been prepared as shown in Table 2.9. YSZ (3–10 mol%) nanopowder is prepared
by combustion method using zirconyl nitrate, yttrium nitrate, and carbohydrazide as
fuel [45]. According to the phase diagram, the tetragonal zirconia phase is stabilized
by the addition of 2–3 mol% of yttria. The mixture of tetragonal-cubic phase exists
between 3.5 and 6 mol% of yttria and the cubic zirconia phase is stabilized by
adding more than 6 mol% of yttria. The yttria-doped zirconia samples show phase
stabilization of cubic (fluorite structure) at above 8 mol% of yttria.
The various phases of YSZ nanopowders are identiﬁed by XRD patterns
(Fig. 2.13). Formation of zirconia solid solution with the additive is conﬁrmed by
the change in lattice parameters of ZrO2. The cell dimensions of stabilized zirconia
are larger than pure zirconia (t–ZrO2: a = 0.50821 nm, c = 0.51682 nm). The
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Fig. 2.10 a TEM b High-resolution TEM micrograph showing a lattice fringe image of CaSZ
particles obtained at 900 °C (Reprinted with permission from Esparza-Ponce et al. [43], Copyright
© 2003, Elsevier)
Fig. 2.11 Typical XRD
spectra of CaSZ (Reprinted
with permission from
Esparza-Ponce et al. [43],
Copyright © 2003, Elsevier)
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Fig. 2.12 Phase diagram of
YSZ (Reprinted with
permission from Viazzi et al.
[7], Copyright © 2008,
Elsevier)

Table 2.9 Particulate properties of YSZ sample synthesized with combustion method [45]
(Reprinted with permission from Copyright © 2008, Springer)
Redox mixture

Phases
byXRD

Powder density
(g cm−3)

Surface area
(m2 g−1)

Particle sizea
(nm)

ZON/ZN + 3 mol% t(t)
3.4 (3.8)
8.4 (5.4)
210 (292)
Y2O3 + CH
3.4 (3.6)
3.5 (8.7)
504 (191)
ZON/ZN + 4 mol% t + c
(m + c)
Y2O3 + CH
ZON/ZN + 6 mol% c (c)
3.4 (3.6)
3.4 (9.4)
519 (177)
Y2O3 + CH
m monoclinic, t tetragonal, c cubic. Values in parenthesis correspond to zirconia obtained by ZN
and CH redox mixture
a
From surface area

lattice expansion implies that the additive goes into the zirconia lattice forming
solid solution of the type (Zr1−x MxO2−x). The ratio of the cell parameters can be
used to distinguish between the two tetragonal phases (t and t′). The ratio c/a√2
tends to 1.010 (1.00–1.01) for the t′ cell parameters while it is superior to 1.010 for
the t phase (1.01–1.02) [5].
Viazzi and coworkers [5] was synthesized YSZ nanopowders via alkoxide sol–
gel method. The starting precursors are the zirconium (IV) propoxide (Zr(OPr)4),
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Fig. 2.13 XRD patterns of
yttria stabilized zirconia
a 3 mol% Y2O3, b 4 mol%
Y2O3, and c 6 mol% Y2O3
(Reprinted with permission
from Arul Dhas and Patil
[46], Copyright © 1992,
Springer)

yttrium (III) nitrates hexahydrate and the solvent is 1-propanol. The complexing
agents, acetylacetone (AcAc) and acetic acid (C2H4O2), have been used to reduce
the zirconium alkoxide reactivity toward water and to avoid hydroxides formation.
The two molar ratio AcAc/Zr(OPr)4 and H2O/Zr(OPr)4 have been kept constant
between 0.8 and 9.5, respectively. A crystallographic study has shown that YSZ
nanopowders obtained after calcination at 950 °C (heating rate: 100 °C/h) and it are
crystallized in the tetragonal symmetry.
In fact, the acetic acid (C2H4O2) is a catalyst towards the hydrolysis reaction as
the hydrochloric acid. But C2H4O2 is less strong than HCl, so the hydrolysis was
not so favored. Consequently, the condensation, in this case, is more favorable
because in less acid conditions, there is more free Zr–OH to do the nucleophilic
attack. The C2H4O2 can also form complexes with Zr(OPr)4 as below:
ZrðOPrÞ4 þ xAcAc ! ZrðOPrÞ4x ðAcAcÞx þ xPrOH:

ð2:1Þ

These groups show that by using b-diketones (AcAc) as complexing agent, the
crystallite size (31 nm) of YSZ was smaller than acetic acid (37 nm). Furthermore,
from an experimental point of view, AcAc, i.e., acetyleacetanate, seem to be the
easier modiﬁers to handle [5, 47].
Moreover, coating of YSZ on Ni-based alloys was done by these groups [48–50]
through immersion of the substrates in the sols (Zr(OPr)4, yttrium (III) nitrates
hexahydrate,1-propanol. acetylacetone as a Zr4+, Y3+, solvent and complexing
agent, respectively) and withdrawn at a controlled speed. Then, samples are dried at
room temperature and then heat treated. Two heat treatments have been performed:
(A) 2 h at 950 °C (heating rate: 100 °C/H) and (B) 30 min at 1150 °C followed by
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a 4 h at 950 °C (heating rate: 100 °C/h). The higher temperature of the heat
treatment B (1150 °C) corresponds to the maximum applicable temperature for the
superalloy. To improve the behavior of the sol during the dip-coating, two binders
were used: the dibutylphtalate (DBP) and an equimassic mixture of DBP and
polyethyleneglycol (PEG). Results show that the samples obtained with a DBP
content of 3 wt% and with a lower withdrawal speed (17 cm/min) are optimal
(Fig. 2.14). No differences between both heat treatments (A and B) have been
underlined.
The cracking phenomenon in Fig. 2.14 is partly due to the quick densiﬁcation of
the YSZ material during the thermal treatment. This calcination leads to the

Fig. 2.14 SEM
characterization of I-27
(Series I-b), viscosity of the
sol: 100 mPa s, 3 wt% DBP,
speed of withdrawal:
17 cm/min, heat treatment A
(Reprinted with permission
from Viazzi et al. [48],
Copyright © 2006, Elsevier)
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widening of the cracks after the removal of organic compounds but the main point
is the important anfractuosities of the NiCrAlY substrate.
Moreover, Lours [51] and coworkers, developed new promising thermal barrier
coatings (TBCs) processed by both dip-coating/spraying of sol route deposited onto
NiPtAl bond coated superalloy substrates. The dip-coating technique was done
similar to Viazzi work [48–50]. Subsequently, specimens with controlled cracks are
reinforced using additional ﬁlling of YSZ (9.7 mol% YO1.5 sol loaded with 10 or
20 wt% of a suspension of well-dispersed commercial YSZ powders in 1-propanol
solvent) brought up within crack grooves using spray-coating technique. Between
each pass, the coating is dried 5 min at 50 °C and ﬁnally the specimens are heat
treated 2 h at 1100 °C, using heating and cooling rates of 50 °C/h. The most
efﬁcient TBC reinforcement is obtained using two successive passes using a sol
loaded with 20 wt% (high viscosity) followed by four passes using a sol loaded
with 10 wt% (low viscosity). Figure 2.15a, b show optical micrographs of the sol–
gel TBC before and after the sintering heat treatment. Figure 2.15c shows a

Fig. 2.15 a, b Optical micrographs of the sol–gel TBC before and after the sintering heat
treatment. c Cross-section SEM micrograph of a sol–gel TBC (Reprinted with permission from Pin
et al. [51], Copyright © 2014, Elsevier)

44

R. Shoja Razavi and M.R. Loghman-Estarki

cross-section micrograph of such an optimized reinforced sol–gel TBC. According
to Fig. 2.15c, it was clearly seen clearly three layer of TBC including top coat
(YSZ), bondcoat (MCrAlY) and substrate. During postprocessing heat treatment
such as cyclic oxidation, an adherent and protective TGO—consisting in a dense
a-alumina layer acting as a diffusion barrier—forms and grows at the bond
coat/TBC inter-face.
Christel Laberty-Robert and Florence Ansart and coworker [52, 53] were synthesized YSZ nanopowder via Pechini method using zirconium chloride ZrCl4 and
and Y(NO3)36H2O, ethylene glycol (EG) and citric acid (CA). These salts were
dissolved in distilled water. Since the cation concentration in the polymer influences
the morphology and the nature of the phase of YSZ powders, several molar concentrations were investigated. Then, the cation solutions, CA and EG were mixed in
a 200 mL beaker, heated at 80 °C and stirred during  4 h. Complexation and
esteriﬁcation reactions occur and a viscous polymeric product is formed though any
visible phase separation. The polymeric solution was then heat treated at 80–100 °C
in air during 24 h. The solid black resin thus obtained was calcinated at 400 °C in
air for 2 h before ﬁnal sintering at 1000 °C for 2 h. Raissi group was also used the
same method for synthesizing 8YSZ nanopowders by these polymeric complex
method. The main difference between Christel Laberty-Robert’s work and Raissi’s
work [54] was to CA/Zr4+ mole ratio (CA/Zr4+ = 4).
According to Laberty-Robert’s result, when the CA/Zr4+ ratio increase from 0.4
to 5.0, the hydroxycarboxylic acid quantity which can react with polyhydroxyalcohol is more important. Then, in the solution, the polymeric chains are more
ramiﬁed or more length. This induces a decrease in the mobility of the polymeric
chains which conduces to an increase in the viscosity. However, this factor does not
influence the morphology of the nanopowder. Considering to these groups results,
the following optimal conditions: CA/ CA/Zr4+ = 4.77 and CA/EG = 1 have been
determined and used for the preparation of the YSZ nanopowder. In low CA/
CA/Zr4+ = 0.4, aggregated particles with surface area of 4 ± 1 m2 g, while with
high CA/ CA/Zr4+ = 4.7–5, aggregated porous nanoparticles with surface area of
13 ± 1 m2 g were obtained. This group was also survey the effect of surfactant on
agglomeration and morphology of the product. Various commercial surfactants
including Igepal CA 630, Igepal NP6, and Triton have been studied. They show
that the best result was obtained for Igepal CA 630 [53].
Petrova [55] and coworkers was developed the synthesis of YSZ nanopowders by
modiﬁed Pechini method by using zirconium–yttrium citric complexes prepared in
ethylene glycol and water media. The YSZ nanopowders were obtained by thermal
decomposition of the Y–Zr complexes, and isolated from EG medium, instead of
decomposing the polyester resin produced following the common Pechini’s method.
Such an approach shortens the time taken to obtain the ﬁnal products and decreases
the relative content of organic components (relatively to the metal(s) content) preserving the main advantages of the Pechini’s method. In this method, the molar ratio
of Y3+:Zr4+:CA:EG were 0.08 (or 0.15):0.92 (or 0.85):5:50. The temperature was
sharply increased up to 120 °C. The salts completely dissolve in few minutes so a
clear solution was obtained. Even a slight opalescence of the solution evidences a

2 Advance Techniques for the Synthesis of Nanostructured …

45

hydrolysis of the Zr-salt, which runs a risk of metals segregation and disruption of
the desired Zr/Y mole ratio in the ﬁnal product. In such a case, the solution has to be
discarded. The so-prepared solution was agitated under stirring at the same (120 °C)
temperature for 30 min. The processes of complexation (between metal ions and
CA) and esteriﬁcation (between CA and EG) take place in the solution along with an
oligomerization leading to a slight increase of the solution viscosity. After cooling of
the solution to room temperature, acetone was added to it in large excess which leads
to precipitation of the complexes formed. They contain partially esteriﬁed
CA-ligands and EG, bonded as adduct. The precipitate formed was separated after
24 h, soaked in fresh acetone for 24 h, ﬁltered, dried in a dessicator over silica gel
and stored in tightly closed bottle. The individual Zr complex was prepared in
analogous way; the molar ratio Zr4+:CA:EG in the initial solution was set to 1:5:50.
The molar ratio Y3+:Zr4+:CA:H2O in the initial solution was set to
0.08:0.92:17.5:300. YSZ nanopowders were prepared from the Y–Zr complexes
isolated from the EG medium. They were heated at 450 °C for 2 h and afterwards at
750–1000 °C for 4 h. Spherical YSZ nanopowder with desired diameter was
obtained and compared with conventional Pechini method (Table 2.10).
However, above method contain several steps of precipitation of Zr-CA complex, drying and thermal decomposition of complex and calcination. Recently, our
groups [56–58] developed modiﬁed Pechini method with using water-EGCA-transition metal (TM) medium. First, Zr4+ and Y3+ salt were dissolved in
enough water. Then, 4 mol CA to TM was added to solution and heated in 80 °C
for 1 h. During this time, Zr4+ and Y3+ formed a complex with CA molecules.
Then, the solution was heated up to 120–150 °C to form polyester. Due to the
presence of water, polyester formation partly converted to initial precursors and
Table 2.10 Size of crystallites and speciﬁc surface area of YSZ, obtained from YZr citrates
synthesized in EG medium and by the citric acid-based “gel” method (Reprinted with permission
from Petrova and Todorovsky [55], Copyright © 2006, Elsevier)
Preparation method

Temperature of heating (°C) and
in parenthesis time of hearing (h)

Size of
crystallites
(nm)

Speciﬁc
surface area
(m2/g)

Heating of
8YZrCit/EG

450 (1), 750 (4)

25

36

450
200
200
450

60
11
24
21

6
64
45
–

Citric acid-“gel”
method (8 mol% Y)

(1),
(3),
(3),
(1),

1000 (4)
450 (5)
750 (5)
750 (4)

Heating of
15YZrCit/EGb
400, 700 (6)
6±2
26 ± 3a
Pechini
(CA/EG = 0.4, 8 mol
400, 1000 (6)
26 ± 5
10 ± 1a
% Y2O3 [7])
800 (10)
13.5
15.5a
Pechini (15 mol%
YO1.5, [8])
a
Speciﬁc surface area determined by BET
b
15YZrCit/EG-YZr-citrate prepared with 15 mol% Y and isolated from EG medium
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oligomers. So, the chain mobility of this polyester was higher as compared with
conventional Pechini method. Finally, the solution was heated at 250 °C for 1 h to
obtain brownish powder (combusted gel). Finally, the gel analyzed with TG-DTA
or TGA-DSC to determine the temperature of organic removal (Fig. 2.16, ordinary
calcination temperature was between 550 and 700 °C, 2 h). According to TGA of
YSZ gel (Fig. 2.16), there is not any weight loss after 550 °C. So, the gel ﬁrst,
calcinated at this temperature. But, the as-obtained product have mall carbon
residue. Thus, the calcination temperature between 600 and 700 °C was selected for
obtaining pure YSZ nanopowders. According to SEM images (Fig. 2.17), semi
spherical YSZ nanoparticles with average size of 40–60 nm were obtained by

Fig. 2.16 TGA of YSZ precursor produced by modiﬁed Pechini method (Reprinted with
permission from Hajizadeh-Oghaz et al. [56], Copyright © 2014, Springer)

Fig. 2.17 Scanning electron micrograph of large-scale synthesis of 7 YSZ powder at different
magniﬁcations: a 60 and b 30 (Reprinted with permission from Hajizadeh-Oghaz et al. [57],
Copyright © 2014, Springer)
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Fig. 2.18 Particle size distribution by accumulative percent diagram at different calcination
temperatures: a 600 (D50 = 36 nm, D90 = 50 nm), b 800 (D50 = 57 nm, D90 = 74 nm) and
c 1000 °C (D50 = 82 nm, D90 = 104 nm) (Reprinted with permission from Hajizadeh-Oghaz
et al. [57], Copyright © 2014, Springer)

modiﬁed Pechini method. The Particle size distribution of YSZ nanopowders at
different calcination temperatures was illustrated in Fig. 2.18. According to this
ﬁgure, the D50 was increased from 36 to 82 nm by increasing calcination temperature from 600 to 1000 °C.
In recent years, the green syntheses of some zirconia-based nanoceramic were
also investigated using sucrose as polymerization/complexation agent [59, 60]. In a
typical, synthesis, 1 mol of ZrOCl28H2O was dissolved in 500 ml (approximately
8 mol) of concentrated nitric acid and the solution was heated on a hot plate to
eliminate chloride [60]. About 0.087 mol of yttria was dissolved in the solution to
get 8 mol% YSZ composition. Total concentration of zirconium and yttrium in the
ﬁnal Zr–Y composite nitrate solution was 0.75 mol/l. Three moles of sucrose per
mole of zirconium and yttrium ion was dissolved in the Zr–Y composite nitrate
solution and then heated on a hot plate till a vigorous evolution of gas bubbles were
observed due to oxidation reactions. As soon as the oxidation reaction initiate the
solution was removed from the hot plate and left to stand for half an hour to ensure
completion of the reaction resulting in the formation of a white sol. The sol was
dried in an oven at 120 °C to form a black precursor mass. The precursor mass was
heated at 600 °C in a muffle furnace to remove the organic material. Calcinated
powder was deagglomerated by attrition milling in isopropanol medium for 24 h.
Deagglomerated YSZ contain submicron particles with D50 value of 0.5 mm and
the particles are aggregates of nanocrystallites of nearly 10 nm size (Fig. 2.19b).
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Fig. 2.19 a IR spectrum of
the sol showing formation of
Zr–Y hydroxy carboxylic acid
complex. b TEM
photomicrograph of the YSZ
nanopowder (Reprinted with
permission from Prabhakaran
et al. [60], Copyright © 2007,
Elsevier)

It is well known that sucrose undergoes hydrolysis in aqueous acidic medium
into glucose and fructose [61]. Nitric acid oxidizes the glucose thus formed into
saccharic acid and a small amount of oxalic acid. The fructose produced from
sucrose is oxidized to a mixture of trihydroxy glutaric acid, tartaric acid, and
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glycolic acid [61]. These hydroxy carboxylic acids forms complex with zirconium
and yttrium ions resulted in a white sol. IR spectrum of the sol is shown in
Fig. 2.19a. Peak observed at wave numbers 1640 and 1363 cm−1 in the IR spectrum are attributed to carboxyl group complexed with the Zr and Y ions. Formation
of Zr–Y hydroxyl complexes was further conﬁrmed by synthesizing an analogous
complex from Zr–Y composite nitrate solution and analytical reagent grade tartaric
acid. A white precipitate obtained by mixing Zr–Y composite nitrate solution and
tartaric acid solution showed similar peaks in the IR spectrum as the white sol.

2.2.1.4

Ceria Stabilized Zirconia (ZrO2–CeO2 Solid Solution)

Various attempts have been made to improve the TBC properties. As a new candidate TBC material, ceria stabilized zirconia (CSZ) currently looks to be
promising. Some investigators have reported that the CSZ coatings have good
corrosion resistance and high fracture toughness but also lower thermal conductivity and higher thermal expansion coefﬁcient than YSZ coatings [62, 63].
However, published reports dealing with the nanostructured CSZ TBC systems are
very limited and microstructure and properties of plasma-sprayed nanostructured
CSZ coating have not been fully understood. The Ce1−xZrxO2 phase diagram may
be summarized as follows: when x < 0.15 Ce1−xZrxO2 exhibits cubic, fluorite-type
phase; while x > 0.85, monoclinic phase. At intermediate compositions, various
phases (t, t′, t″, j, and t*) have been identiﬁed [64].
As previously mentioned, most studies about CSZ nanopowders were focused in
cubic phase of CSZ and their applications are in SOFC and three way catalysts
(TWCs). Ceria incorporated with zirconia is well known to distinctly enhance
oxygen storage capacity (OSC) [64] and improve the thermal stability, surface area,
and reducibility of the red-ox or oxygen storage promoters in the TWCs and
catalysts properties for H2 production from fuels and solid state conductors for fuel
cells [64]. Figure 2.20 illustrates the recorded heating temperature curves of the
electric furnace (coating surface, T0), the TBCs specimen backside (T1) and the
substrate specimen backside (T2). As can be seen, DT values depend on the ceramic
top coating thickness and materials. The DT values increased with increasing the
coating thickness from 200 to 400 lm. The nanostructured CSZ coatings exhibited
higher DT values than the conventional YSZ coatings. For 400 lm thick coatings,
the DT value at 1350 °C of the nanostructured CSZ coating increased by 56.6%
compared with that of the conventional YSZ coating. It means that the nanostructured CSZ coating has higher thermal insulation capability than the conventional YSZ coating [63, 64]. In continue, we review the synthesis of CSZ
nanopowder with Pechini, coprecipitation and microwave-assisted combustion
methods.
Nanocrystalline ceria–zirconia was synthesized using the Pechini process [65].
Zirconium nitrate, Zr(NO3)42H2O, and cerium nitrate Ce(NO3)3. 6H2O were used as
Zr4+ and Ce3+ sources. Ethylene glycol and citric acid were used as polymerization/
complexation agents for the process. Citric acid to transition metal was kept constant
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Fig. 2.20 Heating temperature curves of furnace (T0), TBCs specimen backside (T1) and
substrate specimen backside (T2). a 200 lm thick CSZ coating, b 200 lm thick YSZ coating,
c 400 lm thick CSZ coating and d 400 lm thick YSZ coating (Reprinted with permission from
Gong et al. [62], Copyright © 2006, Elsevier)

at 1.8 mol. After homogenization of the solution containing cations, ethylene glycol
was added in CA/EG ratios of 10, 5, and 2 to promote mixed citrate polymerization
by polyesteriﬁcation reaction. The procedure for the preparation of ceria stabilized
zirconia is shown in Fig. 2.21. This gel was then dried at 200 °C in air during a night
to remove volatile components and then calcinated at 500–700 °C for 5 h (Heating
rate: 5 °C/min) in a static air atmosphere.
XRD result show that by increasing the temperature up to 700 °C a small part of
tetragonal phase for the sample by CA/EG = 2 transformed to the monoclinic phase.
For the other samples, no such phase transformation appeared. Results showed that
with increasing the calcination temperature, the particle size gradually increases and
the speciﬁc surface area regularly decreases. Simultaneously, the agglomeration of
crystallites increases with decreasing the CA/EG ratio (Table 2.11).
The CeO2 content affected both crystallite size and surface area of the powders,
as reported in Table 2.12. As it can be seen, the crystallite size decreases with the
increase of the CeO2 content, i.e., crystallite growth of zirconia is inhibited by the
ceria doping in zirconia. Surface areas decreased with a decrease of the CeO2
content because of the crystallite coarsening. Under the experimental conditions,
zirconia doped with 1% of ceria, shows the largest mean crystallite size of 13.1 nm
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Fig. 2.21 The Pechini diagram for the synthesis of the CYSZ nanopowders (Reprinted with
permission from Rezaei [65], Copyright © 2009, Springer)

Table 2.11 Crystallite sizes and speciﬁc surface areas of CSZ samples (Reprinted with
permission from Rezaei et al. [65], Copyright © 2009, Springer)
Calcination
temperature (°
C)

Total pore volume (cm3 g−1)
CA/EG:
CA/EG:
CA/EG:
10
5
2

Average pore size (nm)
CA/EG:
CA/EG:
10
5

CA/EG:
2

500
600
700

0.0261
0.0212
0.0145

4.38
5.45
9.81

3.91
6.40
11.55

0.0266
0.0253
0.0170

0.036
0.030
0.0278

4.56
6.02
9.03

and the size is reduced to about 8.1 and 10.3 nm when 5 and 3 mol% CeO2 are
used, respectively. The monoclinic phase occurred only in ZrO2–1 mol%CeO2
powder, which presented 16% of the m-phase and 84% of the t-phase. For the other
powders, a well-crystallized tetragonal zirconia single phase was obtained.

52

R. Shoja Razavi and M.R. Loghman-Estarki

Table 2.12 Structural properties of the samples with different Ce Contents (Reprinted with
permission from Rezaei et al. [65], Copyright © 2009, Springer)
Sample

Crystallite size (nm)

Specilie surface area (m2 g−1)

Tetragonal phase
(wt%)

ZrO2–5% CeO2
ZrO2–3% CeO2
ZrO2–l% CeO2

8.1
10.3
13.1

29.97
25
22.5

100
100
84

The TEM analysis (Fig. 2.22) also showed that the calcinated samples containing
different content of CeO2 have similar morphology. As it can be seen, particles are
sintered together and most of the particles have a slightly irregular. As mentioned
before, the particle sizes in zirconia doped with 5% of ceria are from 7 to 12 nm in

Fig. 2.22 TEM pictures of the zirconia doped with different contents of ceria a 5%, b 3%, c 1%
(Reprinted with permission from Rezaei et al. [65], Copyright © 2009, Springer)
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diameter, while the particle sizes in zirconia doped with 3 and 1% of ceria are from 8
to 16 nm and 10 to 20 nm, respectively. This suggests that increasing ceria content
reduces the surface free energy of zirconia particles and so decreases the crystallite
size, which is accompanied by more effective tetragonal phase stabilization.
Nanosized ceria–zirconia solid solution has been synthesized by a
microwave-assisted solution combustion synthesis method and compared with that
of the ceria–zirconia with the same composition but prepared by a coprecipitation
method and calcinated at 773 K [66]. In a typical combustion synthesis of CSZ
nanopowders, the required quantities of cerium (III) nitrate and zirconyl (IV) nitrate
were dissolved separately in deionized water and mixed together in a Pyrex glass
dish. A stoichiometric quantity of solid urea was added to the aforementioned
mixture solution and stirred rigorously to obtain a clear solution. The dish containing the reaction mixture was introduced into a modiﬁed domestic microwave
oven (2.54 GHz, 700 W). Initially, the solution boils and undergoes dehydration
followed by decomposition and spontaneous combustion with the evolution of large
amounts of gases, including N2, CO2, and H2O along with some traces of NH3 and
NO2 followed by a spontaneous flame resulting in a light yellow residual mass. The
entire process of liquid evaporation, thickening of the solution and combustion in
the microwave oven took around 40 min to produce highly voluminous ceria–
zirconia powders.
Ceria–zirconia (1:1 mol ratio) solid solution was also prepared by a coprecipitation (CP) method with dilute ammonium hydroxide (0.1 M) [67]. In a typical
synthesis, the requisite quantities of ammonium cerium (IV) nitrate and zirconium
(IV) nitrate were dissolved separately in deionized water and mixed together. Dilute
liquid ammonia solution was added dropwise with vigorous stirring until the precipitation was complete. The obtained precipitate was heated at 333 K for 6 h to
facilitate aging. The resulting precipitate was ﬁltered off, washed with deionized
water, oven dried at 383 K for 16 h, and calcinated at 773 K for 5 h in air
atmosphere.
XRD studies (Fig. 2.23) revealed formation of monophasic Ce0.5Zr0.5O2 solid
solution in the MW sample and Ce0.75Zr0.25O2 solid solution in the CP sample. The
Fig. 2.23 X-ray powder
diffraction patterns of ceria–
zirconia solid solutions (MW
prepared by microwave
method; CP prepared by
coprecipitation method)
(Reprinted with permission
from Reddy et al. [66],
Copyright © 2009, Bentham)
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observed more zirconium incorporation in the MW sample is primarily due to
progressive increase of Zr4+ content into the ceria unit cell at higher preparation
temperatures. Within the detection limits of XRD technique there was no evidence
about the presence of t-ZrO2 or m-ZrO2 phase. Figure 2.24 shows the Raman
spectra of the two samples investigated in the present study. As shown in Fig. 2.24,
both samples show a strong band at 470 or 468 cm−1 and a less prominent broad
band at 600 cm−1. The band at 468 cm−1 is due to the F2g vibration of the
fluorite-type lattice [68]. It can be viewed as a symmetric breathing mode of the
oxygen atoms around the cerium ions [69]. The slight shift in the Raman frequency
to higher wave numbers in case of MW sample could be due to incorporation of
more zirconium into the ceria lattice when compared to the CP sample as evidenced
by XRD results. As presented in Fig. 2.24, the Raman band at 470 cm−1 is intense
in the case of MW sample. It is known from the literature that the intensity of
Raman band depends on several factors including the grain size and morphology
[69]. Therefore, it is quite obvious that sintering of samples at higher preparation
temperatures increases the intensity of the F2g band. It is also known that sintering
of samples under high-temperature conditions can lead to the formation of oxygen
vacancies, which perturb the local M–O bond symmetry leading to the relaxation of
symmetry selection rules. The presence of a weak and less prominent broad band
near 600 cm−1 can be attributed to a nondegenerate longitudinal optical (LO) mode
of ceria which arises due to relaxation of symmetry rules, which in turn linked to
oxygen vacancies in the ceria lattice [68, 69]. In particular, the substitution of
zirconium into the ceria lattice with an increase in temperature gives rise to oxygen
vacancies, which are responsible for the emergence of this band [69]. This band is

Fig. 2.24 Raman spectra of
ceria–zirconia solid solutions
(MW prepared by microwave
method; CP prepared by
coprecipitation method)
(Reprinted with permission
from Reddy et al. [66],
Copyright © 2009, Bentham)
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Table 2.13 Crystallite Size, Cell Parameter, BET Surface Area and Oxygen Storage Capacity
Values of Ceria–Zirconia Solid Solutions Synthesized by Microwave Combustion (MW) and
Coprecipitation (CP) Method (Reprinted with permission from Reddy et al. [66], Copyright ©
2009, Bentham)
Sample

Crystallite size
(nm)

Cell parameter
(Å)

Surface area
(m2/g)

OSC l moles O2/g
simple

MW
CP

12.7
4.7

5.30
5.35

56
84

278
211

more intense in the case of MW sample, which indicates incorporation of more
zirconium into the ceria lattice and formation of more oxygen vacancies in MW
sample. There is also another band at 305 cm−1 in MW sample. This can be
attributed to displacement of oxygen atoms from their ideal fluorite lattice positions
[68]. As per the literature reports, this band further reveals the presence of t′ phase,
which could not be identiﬁed by XRD. The presence of this band and more intense
band at 605 cm−1 has also clearly reflected in its enhanced oxygen vacancy concentration as determined by the oxygen storage/release capacity (OSC) measurements (Table 2.13).
The TEM image revealed nanometer sized particles with broad particle size
distribution (10–40 nm). The broad particle size distribution could be due to the
preparation method adopted. During the preparation, the precursors were exposed
to higher temperatures for a short period of time, which obviously leads to particles
with different sizes. The digital diffraction pattern (DDP) corresponding to an
individual particle of the image is shown in inset of Fig. 2.25. The inter planar
spacing values of 3.0, 2.6, and 3.0 Å were measured from the DDP and could be
respectively assigned to (111), (200), and (1-1-1) family planes of the cubic
structure In summary, it can be concluded that synthesis of nanosized ceria–zirconia
solid solutions by microwave-assisted method is a cost effective technique in
comparison to the conventional coprecipitation route for making ceria stabilized
zirconia nanopowders.

2.2.1.5

Ceria, Yttria Co-stabilized Zirconia (CYSZ)

As mentioned before, considerable interest has turned to replacing yttria with ceria
as the stabilizing oxide added to zirconia ceramics and coatings. It has been shown
that ceria stabilized zirconia (CSZ) ceramics can attain signiﬁcantly greater
toughness and superior thermal shock resistance to those based on the YSZ
counterpart.
Despite these advantages there is also a weakness for CSZ material as a thermal
barrier coating. Independent erosion tests have been indicated that erosion resistance of CSZ coatings was signiﬁcantly lower to that of the YSZ systems. In order
to solve this problem, use a mixture of ceria–yttria stabilizers could be a compromise solution that would promise good properties of both stabilizers to provide
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Fig. 2.25 TEM image of ceria–zirconia solid solution prepared by microwave-assisted combustion synthesis method (Reprinted with permission from Reddy et al. [66], Copyright © 2009,
Bentham)

possible shared advantages. It has been indicated that the CYSZ coating was
superior to the YSZ coating due to its phase stability at high temperature, improved
thermal insulation, higher CTE, good corrosion, and thermal shock resistance.
Tetragonal CYSZ nanocrystals with a size range from 10 to 100 nm have been
synthesized by various methods: Coprecipitation, Hydrothermal, spray drying, and
sol–gel [38, 72–74]. However, to the best of our knowledge, very few studies have
dealt with the synthesizing CYSZ nanoparticles for thermal barrier coating applications by Pechini sol–gel route [70, 71]. Our groups, was synthesized CYSZ
nanoparticles for TBC applications by Pechini method [75, 76].
In a typical synthesis of ZrO2–25 wt% CeO2–2.5 wt% Y2O3 nanoparticles, 9.80
gZrOCl28H2O, 3.02 gCe(NO3)36H2O,0.42gY(NO3)36H2O, and 7.27 g anhydrous citric acid were dissolved into 100 ml of double distilled water, respectively.
The prepared solutions were well mixed in a glass beaker using a magnetic stirrer
and hot plate followed by the addition of 2.13ml ethylene glycol (CA:EG:1 mol
ratio) with continuous stirring to convert them to stable complexes that was allowed
to settle down at the temperatures of 100, 200, and 300 °C, each for 2 h which
yielded a transparent gel. Finally, the gel was calcinated at higher temperatures
(400–1100 °C) to obtain Nanocrystalline CYSZ with different particle sizes.
X-ray diffraction pattern of the precursor gel shows that the precursors are
amorphous (Fig. 2.26).The precursor gel was calcinated at various temperatures to
produce CYSZ powders. At 400 °C, the strongest characteristic peaks of ZrO2
tetragonal phase appear with weak intensity. XRD analysis shows that the precursor
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Fig. 2.26 XRD patterns of
the CYSZ powders calcinated
at different temperatures for
2 h (Reprinted with
permission from
Hajizadeh-Oghaz et al. [76],
Copyright © 2015, Springer)

transforms completely to the tetragonal zirconia at around 600 °C, and no other
phases can be detected (Fig. 2.26). By increasing the calcination temperature, the
peaks became more intense and sharper and the full width at half maximum
(FWHM) of diffraction pattern became narrower; indicate the improved crystallinity
and crystallite growth of the CYSZ nanopowders, respectively.
Our groups show that [75] the degree of the chelation of metallic ions by
carboxylic groups is an important factor informing nanosize CYSZ particles and it
can be controlled by adjusting the pH alue of the starting solution. Decreasing pH
value can increase the degree of the chelation of metallic ions in the solution. The
higher degree of the chelation of metallic ions by –COOH results in the higher
uniformity of Zr4+, Ce3+, and Y3+ distributed in the obtained esters and more
completion of reactions to form CYSZ nanoparticles.
Furthermore, a representative TEM image of CYSZ powders synthesized at
different pH values are shown in Fig. 2.27, where the well-dispersive semispherical
CYSZ nanoparticles can be observed at acidic pH. Most of the CYSZ nanoparticles
had quasi-spherical morphologies and no highly aggregated particles could be
observed. The diameter of spherical nanocrystals was observed to be about
41.5 nm.
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Fig. 2.27 TEM photograph of the CYSZ powder prepared by Pechini route at different pH values
a pH = 1, b pH = 7, and c pH = 12 (Reprinted with permission from Hajizadeh-Oghaz et al. [75],
Copyright © 2015, Springer)

In alkali pH, the presence of ammonia barricades the formation of bridged bonds
with the citric acid, as reflected in the morphologic characteristics of the powders.
2+
Furthermore, higher pH possibly could favor Zr(NH3)2+
n , Ce(NH3)n , and Y
2+
(NH3)n complex formation; therefore zirconium, cerium, and yttrium ions would
not be trapped in the polymer at high pH values [77]. On the other hand, the
interaction of citric acid and ethylene glycol, being an esteriﬁcation reaction, could
be considerably slowed down without acidic catalysis at high pH values. The major
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Fig. 2.28 Thermal diffusivity a(T) and thermal conductivity k(T) results of the conventional [77]
and nanostructured CYSZ [76] (Reprinted with permission from Mazaki et al. [77], Copyright ©
1995, Elsevier)

effect of pH value on the Pechini method is that it can destroy esteriﬁcation between
citric acid and ethylene glycol, thereby affecting Zr, Ce, and Y species and the
formation of the mixed-metal CA complex [72–74, 78, 79].
Figure 2.28 shows the variation in thermal diffusivity and thermal conductivity
values of conventional CYSZ [77] and nano-CYSZ from ambient temperature to
1300 °C of the fully dense CYSZ ceramic material. For both specimens the thermal
diffusivity and conductivity particularly that measured at low temperatures,
decreases with temperature increasing, while the measured high-temperature conductivity is practically increased by temperature increasing (Fig. 2.28).
In most ceramic materials, the scattering of lattice vibrations becomes more
pronounced with rising temperature; hence, the thermal conductivity of CYSZ
normally reduces with increasing temperature, at least at relatively low temperatures. As Fig. 2.28 indicates, the conductivity begins to increase at higher temperatures; this can be explained by two different heat transfer mechanisms that
dominate at deferent temperatures. At low temperatures the heat transfer is mainly
based on the phonon conductivity which is affected strongly by the microstructural
features like porosity and microcracks. At high temperatures above 1200 °C, in
addition to phonon conductivity, the photon (radiation) conductivity takes place.
Furthermore, at high temperatures, radiative heat transfer through the material in the
course of the thermal diffusivity measurement might lead to this apparent increase
[80].
It can be seen that both thermal diffusivity and thermal conductivity of nanostructured CYSZ is lower than conventional CYSZ reported in the literature [81].
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The phonons mean path can be given by.
1 1
1
1
¼ þ þ ;
l li lp lb

ð2:2Þ

where phonon mean path due to inherent conductivity, point defect scattering, and
grain-boundary scattering are li, lp, and lb, respectively. In nanostructured CYSZ,
grain-boundary scattering also has a signiﬁcant effect on phonon mean path, which
can be described by [82, 83].
1
Tc2
¼
lb 20Tm a

ð2:3Þ

where Tm is the absolute melting temperature, a is the lattice constant, and c is the
Gruneisen constant. Using the Eq. 2.3, grain-boundary scattering calculated for
single crystal of CYSZ as 23 nm.
The grain size of CYSZ is 20–30 nm, which is comparable to phonon mean free
path owing to grain-boundary scattering. The small grain size leads in lower
thermal conductivity owing boundary thermal resistance endorsed by phonon
scattering at grain boundaries [84, 85].
Furthermore, the as-synthesized CYSZ nanopowders were granulated with spray
dryer and plasma sprayed on Ni-based supperalloy. The fractured cross-section of
the as-sprayed coating is illustrated in Fig. 2.29. It showed a usual splat-like
microstructure composed of almost parallel overlapping lamellae, divided by splat
boundaries and surrounded by a network of voids and microcracks. The width of
the lamellae was approximately between 1 and 5 lm. The vertical microcracks
improved high-temperature strain tolerance, whereas the splat boundaries usually
affected thermal conductivity and heat transfer. The former was initiated from the
splat boundaries as a result of stress relaxation throughout rapid cooling to ambient
temperature, while the latter originated throughout coating build-up, as a result of
the weak bonding between the deposited splats, depending on the speed of the
impact of the molten droplets and their solidiﬁcation rate. Inadequate ﬁlling
throughout coating build-up meant that the emerging globular voids played a
substantial role in determining the ﬁnal mechanical and thermal properties [86–88].
The hot corrosion resistance of this nanostructured TBC was also investigated in
the presence of 45 wt% Na2SO4 + 55 wt% V2O5 as the corrosive molten salts.
Previous research show that more degradation-resistant of micro-sized CYSZ TBC
as compared with YSZ coating was due to more acidic nature of CeO2 than Y2O3 in
order to resist reaction with acidic NaVO3 and V2O5 molten salt [90–95]. However,
our result show nanostructured CYSZ coating show interior hot corrosion resistance
than micro-sized CYSZ and YSZ TBCs [89]. The nanolocal in nanostructured
CYSZ coating, with considerably inferior pinholes and microcracks, prohibited the
further diffusion of molten salts into the deeper layers of the CYSZ coating through
diffusional resistance in a nonporous media mechanism; therefore, the quantity of
hot corrosion products, including monoclinic ZrO2, YVO4, CeVO4, and
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Fig. 2.29 Scanning electron microscopy micrographs of the fractured cross-section of the
plasma-sprayed nanostructured coating, showing splat columnar grains (a, b) and non-molten
nanoparticles in the interior of the coating at different magniﬁcations (c, d) (Reprinted with
permission from Hajizadeh-Oghaz et al. [89], Copyright © 2016, Elsevier)

Ce0.75O2Zr0.25 crystals, was probably negligible at the interior depth of the topcoat,
even after hot corrosion for 300 h [89]. Moreover, the other reason for interior hot
corrosion resistance of nano-CYSZ coating is due to more adaptive strain ability of
nanostructured TBCs as compared with microstructured one [86].
Furthermore, our group evaluated thermal insulation capacity of nanostructured
CYSZ and conventional YSZ TBCs with the thickness of 300 µm. The ﬁrst value
was to be 150 °C and the latter was to be 130 °C (110 °C) [96]. This result
conﬁrms the interior insulation properties of nano-CYSZ as compared with conventional YSZ TBCs.
2.2.1.6

Scandia, Yttria Co-stabilized Zirconia (ScYSZ)

Recently, codoping zirconia with Al2O3, Sc2O3, Y2O3, Bi2O3, Sm2O3, Yb2O3,
CeO2, etc., has attracted researchers to improve thermal and electrical properties of
this ceramic.
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Yttria stabilized zirconia (YSZ) had a phase stability up to 1200 °C, but upon
doping YSZ with scandium oxide (scandia, at speciﬁc content), the thermal stability
of this ceramic was improved up to 1400 °C. Increasing the thermal stability of
zirconia ceramics can have high potential applications in improving the efﬁciency
and performance of engine [90–95]. The Y2O3–Sc2O3–ZrO2 system with 8–12 mol
% stabilizing content has been studied by J.T.S. Irvine groups [97]. They showed
that a higher conductivity could be obtained with ScYSZ than YSZ and ScSZ
(scandia stabilized zirconia). Furthermore, alternative materials to YSZ for
improving TBCs life time are being sought. One approach was taken by Jones [98]
who sought to combine the stabilizing efﬁciency of Y2O3 with the
vanadate-corrosion resistance of Sc2O3. R. L Jones showed that the most effective
stabilizer composition for ultra high-temperature TBCs was probably near 90–95%
Sc2O3 and 10–5% Y2O3 [90–95]. Jang [99] reported that the amount of tetragonal
phase was increased by codoping with scandia and yttria. This was due to the lower
stabilization of zirconia by scandia [99, 100]. The strength of the codoped material
was about 10% higher than that of the reference materials (YSZ and ScSZ). It was
also reported that a higher fracture toughness of the codoped material was obtained,
as compared to the reference material, in accordance with the higher tetragonal
phase content and the resulting enhanced transformation toughening [90–95].
The rare earth stabilized zirconia (RESZ) nanostructures have received an
increasing interest in recent years. The traditional method in preparing multicomponent zirconium oxides involves initial mechanical mixing of oxide powders and
then high-temperature calcination to homogenize the metal oxide–zirconia composition via solid-state reactions. Serious problems in processing zirconia-based
solid solutions resulted from these high-temperature techniques, including uncontrolled grain growth, deep segregation of dopant, and possible loss of stoichiometry
due to the volatilization of a reactant at high temperatures. For this reason, based on
wet chemical routes, several increasingly important alternatives make the synthesis
of zirconia-based solid solutions at mild temperatures possible. In order to prepare
multidopant zirconia nanocrystals such as ScSZ (Sc2O3 doped ZrO2), YSZ (Y2O3
doped ZrO2), and ScYSZ, several methods, such as coprecipitation, alkoxide, and
the acetic acid-based gel, hydrothermal process and gel combustion process (such
as citrate–nitrate and glycine–nitrate route) are well-known [100–106]. Of all the
above processes, modiﬁed sol–gel preparation method (i.e., Pechini method) shows
some advantages due to its relatively low cost compared to alkoxide-based sol–gel
methods, and better control of stoichiometry [38, 106–114].
The ScYSZ nanoparticles were prepared by new modiﬁed Pechini method [115–
117]. In this approach, ZrO(NO3)2H2O, Sc(NO3)3H2O, Y(NO3)36H2O, citric acid
mono hydrate, and ethylene glycol mono butyl ether were used as the source of
Zr4+, Sc3+, Y3+, the chelating and solvent agent, respectively. To the best of our
knowledge, this is the ﬁrst report of synthesizing the ScYSZ nanoparticles using
modiﬁed Pechini method. In this new approach, for controlling agglomeration
degree of nanoparticles, the solvent agent (EG) was replaced with ethylene glycol
mono butyl ether (EGM).
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Fig. 2.30 Schematic of
production of ScYSZ
nanoparticles via modiﬁed
Pechini method [116]

In a typical experiment [116], 93 mmol ZrO(NO3)2H2O, 3.5 mmol
Sc(NO3)3H2O, 0.5 mmol Y(NO3)36H2O, and citric acid were dissolved in
deionized water, and appropriated (EGM: CA: Zr = 4:1:1) amounts of EGM were
then added to form a sol at 50 °C for 1 h. A white solution was obtained and further
heated at 80 °C for 1 h to remove excess water. During continued heating at 140–
150 °C for 1 h, the solution became more and more viscous and ﬁnally became a
xerogel. To complete drying, xerogel was placed at 250 °C for 1 h. The result
powder is a precursor. The precursor was heat treated at 600–800 °C, in the furnace
and then cooled it to reach room temperature. The whole process is summarized in
Fig. 2.30.
Figure 2.31 shows the results of thermogravimetric (TGA) and differential
thermal analysis (DTA) of ScYSZ precursor (the dark gel). Figure 2.31a shows
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Fig. 2.31 TG/DTA curve of ScYSZ gel precursor at different EGM:CA ratios a 1.2:1 and b 4:1
(Reprinted with permission from Loghman-Estarki et al. [116], Copyright © 2013, Elsevier)

thermal behavior of the gel prepared with EGM:CA mole ratio = 1.2:1. The total
weight loss was about 48% of the total precursor mass and occurred in four steps.
The ﬁrst weight loss occurs at about 115 °C, corresponding to the ﬁrst endothermic
peak shown by DTA curve, is due to the dehydration of the precursor. The second
small weight loss shown by TGA curve around 200 °C can be ascribed to the
evaporation of any excess ethylene glycol mono butyl ether (b.p. 199 °C) in the gel
[107, 108]. The third weight loss step occurs at the temperature range 300–481 °C.
The weight loss at 300–481 °C was attributed to the carbonization or bond breaking
of organic moieties in precursors together with the evolution of great amounts of
gases such as CO2. The exothermic peak around 591 °C in the DTA curve can be
primarily associated with the crystallization of amorphous gel and this reaction led
to the occurrence of the fourth weight loss found in the TGA curve. Upon
increasing EGM:CA mole ratio to 4:1, the total weight loss was about 70% of the
total precursor mass (Fig. 2.31b) which in good agreement with the calculated
amount of water, EGM and CA molecules (calc. 73%). According to the DTA
curve (Fig. 2.31b), with increasing EGM:CA mole ratio, the released heat increased
from 2.5 to 3.3 mw/mg, resulting more weight loss in TGA curve (Fig. 2.31b) in
comparison to Fig. 2.31a. The strong exothermic peak around 591 °C in the DTA
curve (Fig. 2.31b) can be attributed to decomposition into oxides and this reaction
occurred between 500 and 600 °C [107, 108]. This is conﬁrmed by calcination
experiments because the powder calcinated at temperature greater than 600 °C
became white in color. Based on TGA analysis (Fig. 2.31), initial calcination
temperature was selected at 600 °C, but when the sample was calcinated at 600 °C;
the resulting coaly powder showing there still remained small carbon on the sample
(Fig. 2.31b). So, according the TGA, the optimized temperature was selected to be
700 °C for 2 h.
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Fig. 2.32 XRD patterns of ScYSZ nanocrystals synthesized at different condition a EGM:
Zr4+ = CA:Zr4+ = 4:1, 600 °C/2 h. b EGM:Zr4+ = CA:Zr4+ = 1.2:1, 700 °C/2 h, c EGM:
Zr4+ = CA:Zr4+ = 1.2:1, 700 °C/2 h. d YSZ, EG:Zr4+ = CA:Zr4+ = 4:1, 800 °C/2 h, prepared
by conventional Pechni method (Reprinted with permission from Loghman-Estarki et al. [117],
Copyright © 2013, Royal Sociey of Chemistry)

Figure 2.32 shows XRD patterns of the products at different conditions. Ac can
be seen in Fig. 2.32a, when the sample was calcinated at 600 °C/2 h, the crystallinity of the products was not completed. Upon increasing the calcination temperatures to 700 °C/2 h, the crystallinity of the products was improved (Fig. 2.32b–
d). The XRD patterns is very close to the values in powder diffraction card (JSPDS
No. 01-071-1284, space group P 42/nmc) and no impurity, such as Y2O3, Sc2O3,
etc., was found in X-ray diffraction pattern. These results show that Y2O3 and
Sc2O3 were successfully doped in zirconia lattice by present modiﬁed Pechini
method and formed solid solution. The calculated value of a and c parameter was
equal to 0.35984 nm and 0.50105 nm, respectively. From c/a√2 calculation, it was
found t′ phase of ScYSZ was obtained. The distinguishing peak for t phase occurred
at 2h = 30.5° for (101) reflection, and the respective peaks for monoclinic
(m-phase) occurred at 2h = 28.4° and 2h = 31.6° for (111) and (−111) reflections.
So, the presence of m-phase of zirconia can be ruled out based on the absence of
characteristic peaks of m-phase in all XRD patterns of as-prepared sample.
Srinivasan et al. [118] reported that the tetragonal structure can be distinguished
from the cubic structure in the presence the characteristic splitting of the tetragonal
phase, such as (002)/(200), (113)/(311), (004)/(400), and (006)/(600), whereas the
cubic phase exhibits only single peaks at all of these positions. For all samples
calcinated at 700 °C/2 h, splitting has been relatively seen in the 2h region of 70–
78° for (004)/(400) planes.
It should be noted that all of above samples was prepared at Sc2O3:Y2O3 mol
ratios equals to 3.5:0.5 percent. As mentioned before, the t′ phase for ScYSZ was
obtained at a speciﬁc amount of stabilizer agent. To this end, the amount of Sc2O3:
Y2O3 mol ratios were changed and the ScYSZ nanopowders were sintered at 1400 °
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Fig. 2.33 XRD patterns of sintered ScYSZ nanocrystals synthesized at different Sc2O3:Y2O3 mol
ratio percent a 6.53:0.40 b 7.5:0.6 c 3.5:0.50 (Reprinted with permission from Loghman-Estarki
et al. [117], Copyright © 2013, Royal Sociey of Chemistry)

C. The selection temperature reason was due to this fact that in order to clearly
observe the tetragonal splitting in the entire 2h region in yttria-containing zirconia
ceramics, the material must be sintered above 1100 °C. Below 1100 °C, the 2h
angle, at which tetragonal reflections occur, becomes a function of a number of
parameters, such as the change in composition, different thermal treatments, and
variation of lattice parameters with a change in composition, etc. Figure 2.33 show
XRD patterns of sintered ScYSZ samples at 1400 °C with different Sc2O3:Y2O3 mol
ratios. As can be seen, only at Sc2O3:Y2O3 = 3.5:0.5 mol%, t′ phase was obtained.
pﬃﬃﬃ
This tetragonality is within the range of c/a 2 = 1.0025–1.0075 as cited by other
researchers [7, 93, 94]. Thus, the phase stability of ScYSZ samples up to 1400 °C
and splitting of (002)/(200) at 2theta = 35–36° conﬁrms that a non-transformable
tetragonal phase is produced by 4 mol% Sc2O3,Y2O3 doped ZrO2.
TEM and selected area electron diffraction (SAED) characterization conﬁrmed
that the Sc2O3:Y2O3 = 6.53:0.4 sample have mixture of monoclinic (m-ZrO2) and
tetragonal phase (t-ZrO2) of zirconia (Fig. 2.34a). The HRTEM images show well
resolved lattice fringes indicating the single crystalline nature and high crystallinity
of the synthesized product. The lattice fringes are of equidistance, without any
lattice mismatch. These fringes are separated by 0.315 nm, which agrees well with
the interplanar spacing corresponding to the (−111) plane of m-ZrO2 [117]. The
clear spots in the SAED pattern (Fig. 2.34b) are indexed to (−111) and
(111) planes, which can be attributed to the m-ZrO2. In comparison to this sample,
the ScYSZ nanocrystals, synthesized with Sc2O3:Y2O3 mol ratio equal to 3.5:0.5,
show dissimilar HRTEM images and SAED patterns. The reflections in the SAED
pattern and lattice fringes correspond to the lattice planes of bulk t-ScYSZ, hence
suggesting the high purity and crystallinity of as-synthesized product. The HRTEM
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Fig. 2.34 a, b HRTEM and corresponding SAED analysis of SCYSZ prepared at different Sc2O3:
Y2O3 mol ratio percent a 6.53:0.40 b 3.5:0.50, sintered at 1400 °C/24 h c a schematic illustration
of the tetragonal structure and atom conﬁguration (inset m = monoclinic and t = tetragonal phase)
(Reprinted with permission from Loghman-Estarki et al. [117], Copyright © 2013, Royal Sociey
of Chemistry)

of pure t-ScYSZ image show clear lattice fringes as shown in of Fig. 2.34b.
A tetragonal atomic arrangement is regularly observed with the incident electron
beam aligned along the [111] zone axis of ScYSZ. The crystallographic array
shows an interplanar distance of 0.520 nm as (111) planes of t-ScYSZ [117].
Figure 2.34c is a schematic illustration representing the lattice constant of the
tetragonal structure is very similar to that estimated by analysis of the HRTEM
image.
It should be also noted that the assignment of cubic and tetragonal structures,
based solely on the X-ray diffraction analysis, can be difﬁcult because the cubic and
tetragonal structures (a = 0.5124 nm for cubic, and a = 0.5094 nm and
c = 0.5177 nm for tetragonal structures) are very similar [118, 119]. Figure 2.35a is
the Raman spectra of 8ScYSZ obtained, using the laser with 532 nm, where the
cubic phase or high-temperature phase has characteristic peak at 284 cm−1 corresponding to F2g mode. The peak before 200 cm−1, is common in three phase of
zirconia [120–124]. However, the six characteristic peaks of tetragonal phase was
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Fig. 2.35 Raman a cubic
ScYSZ b Tetragonal phase of
ScYSZ nanoparticles
prepared at 700 °C for 2 h
(Reprinted with permission
from Loghman-Estarki et al.
[115], Copyright © 2013,
Elsevier)

observed at Raman spectra of 4ScYSZ (Fig. 2.35b). The peaks centered at 149.25
(corresponding to Eg mode), 259.45 (Eg mode), 322.80 (Bg mode), 460.01 (Eg
mode), 620.16 (Bg mode) and 639.96 cm−1 (Ag mode), conﬁrming that the
tetragonal phase of as-obtained ScYSZ was obtained (Fig. 2.35b). The presence of
m-ZrO2 can be ruled out based on the absence of peaks at 102, 179, and 381 cm−1,
which are supposed to be the strong peaks for m-ZrO2 [120–124].
The effects of the mole ratio ethylene glycol monobutyl ether (EGM) to citric
acid (CA) in the starting solution on the morphology and particle size of the
samples are shown in Fig. 2.36.
When EGM:CA mole ratio was 0.5:1 (Fig. 2.36a), highly packed nanoparticles
with diameter between 22 and 28 nm were obtained. A close look at Fig. 2.36a, it
was seen that agglomerated particles with 60–70 nm diameters were exist in this
sample. When EGM:CA mole ratio was 1.2:1 and 2.4:1, dense agglomerated
particles (Fig. 2.36b) with no special shape were obtained. High magniﬁcation of
the agglomerates in inset of Fig. 2.36b (EGM:CA = 1.2:1) and Fig. 2.36c (EGM:
CA = 2.4:1) revealed that the as-formed products consisted of submicrometer
grains (*140 nm diameter, Fig. 2.36b) and submicro- and nanometer grains (80–
110 nm diameter, Fig. 2.36c). Upon increasing the EGM:CA mole ratio to 4:1,
agglomerated particles with 30–40 nm diameters were obtained (Fig. 2.36d), while
in EGM:CA mole ratio to 8:1 (inset Fig. 2.36e), the size of particles decreased to
15–20 nm. By changing the EGM:CA mole ratios to 20:1 (Fig. 2.36f), the
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Fig. 2.36 SEM photomicrographs of SYSZ nanoparticles at different EGM:CA ratios: a 0.5:1,
b 1.2:1, c 2.4:1, d 4:1, e 8:1, and f 20:1. Inset is high magniﬁcation of corresponding image
(Reprinted with permission from Loghman-Estarki et al. [115], Copyright © 2013, Elsevier)

aggregates with 60–70 nm diameters were produced. These results show that how
EGM:CA mole ratios can affect on the morphology and shape of as-obtained
products.
For rare earth stabilized zirconia, similar works were done by Ch. Laberty
Roberts’ groups [52, 53]. In their works, CA:EG (ethylene glycol) mole ratios
varied from 0.6 to 2.4 to obtain nanopowders with less porosity and agglomerates.
The optimized CA:EG mole ratio was 2.4 (CA:Zr4+ = EG:Zr4+ = 4.77) and the
particle size of the obtained powders was 10-20 nm, as calcinated at 325–400 °C
for 6 h. Furthermore, in other similar works by Raissi groups [54], the agglomerated size of YSZ powder was 90 nm with EG:Zr4+ = CA:Zr4+, which was equal to
4:1, as calcinated at 650 °C/2 h. Another work on ceria stabilized zirconia (CSZ),
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using conventional Pechni method (CA:Zr4+ = 1.8), was done by Rezaei groups
[65]. The crystallite size of CSZ varied from 15.8 to 16.7 nm with increasing CA:
EG from 2:1 to 10:1 at the calcination temperature of 700 °C/2 h. Furthermore,
Costa [125] also obtained scandia-stabilized zirconia (ScSZ), which mainly consisted of hard agglomerates exhibiting irregular shapes with faceted borders that had
an average size of around 20 µm. However, these hard agglomerates consist of
sintered nanoparticles resulting from the high-energy environment during thermal
decomposition of the large amount of organic compounds used in the synthesis of
the polymeric precursors. They used conventional Pechini method with
1Zr4+:4CA:16EG at 500–650 °C/ 4 h. However, in the present work, the average
agglomerated size was 30–40 nm and it consisted of primary particles
with *15 nm diameters, as obtained by EGM:Zr4+ = 4:1 at the calcination temperature of 700 °C for 2 h. So, in our case, the average size of agglomerate was less
than conventional Pechini method [52–54, 65, 125].
CA molecules can form very stable chelating complexes with many metal ions,
and these formed metal–CA complexes can be further stabilized in EG as it possesses two alcoholic hydroxyl functional groups (–OH) with strong complexation
afﬁnities to metal ions. Furthermore, two hydroxyl functional groups in one EG
molecule can react with three carboxylic acid groups (–COOH) in one CA molecule
to form a polyester resin (see reported mechanism in Refs. [38, 126]). In this
research, ethylene glycol monobutyl ether (EGM) was applied instead of EG. EGM
possesses one alcoholic hydroxyl functional group (–OH) that can react with
(–COOH) groups in one CA molecule to form an ester resin. It is clear that ethylene
glycol, combined with ether, alcohol, and hydrocarbon chain in one molecule,
provides versatile solvency characteristics with both polar and nonpolar properties.
However, the effect of EGM and CA molecules on the particle size of products
could be due to the steric hindrance [38].
The presence of excess EGM:CA mole ratio plays the role of a space-ﬁlling
template and the ScYSZ particles embedded in gel matrix became crystalline
without interacting with other ScYSZ particles. This increase in the diffusion distance seems to be the actual reason for the decrease in the crystallite size upon
further increase in EGM:CA mole ratio from 4:1 to 1.2:1 (see Fig. 2.36) [104].
The effects of pH on the morphologies and particle size of samples in the starting
solution was also investigated. The result shows that submicron or large agglomerated ScYSZ nanoparticles (above 80 nm) were obtained at alkali pH. Thus, our
groups show that ScYSZ nanoparticles with small size distribution were obtained at
acidic pH by modiﬁed Pechini method [116, 117] (Fig. 2.37).
The effect of pH on the formation of product can be described in terms of
different stability constant of M–CA complex (M = metal) under different pH
values. The citric acid is a tri basic acid that can be dissociated in aqueous solution
to C6H7O7−, C6H6O72−, and C6H5O73− based on the pH of solution. In the present
work, at low pH (pH =  1.0), C6H7O7− is the prevailing species which can
interact with Mn+ (M = Zr4+, Sc3+, Y3+) to form complex M(C6H7O7)n−1
[116, 117]. At high pH (pH =  6.0), C6H5O73− becomes the predominant species
which can interact more strongly with Mn+ to form stable complex M(C6H7O7)n−3.
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Fig. 2.37 Schematic diagram of probable mechanism of modiﬁed Pechini method (a) and
conventional Pechni method (b) (Reprinted with permission from Loghman-Estarki et al. [115],
Copyright © 2013, Elsevier)
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According to the stability constant for the above reaction, it seems that calcinations
temperature ranges of 700–800 °C were not sufﬁcient for breaking the complex
M(C6H7O7)n−3 formed at pH 9. Upon increasing calcination temperature to
1000 °C, the aforementioned complex was broken and nanoparticles with 90 nm
diameter were obtained. At acidic pH, low calcinations temperature was required
for the formation of ScYSZ nanoparticles in comparison to the basic pH. It was due
to the low stability constant of M(C6H7O7)n−1 formed at pH * 1. It should also be
noted that some researchers have also used an acidic environment (low pH medium)
for synthesizing nanocrystals via pechini method. The advantage of using lower
ratio of citric acid to metal ions was that the acidic pH was enough to ionize the
total amount of [COOH]− for chelation [127–130].
Before thermal spraying nanoparticles, the nanosized ScYSZ particles should be
agglomerated via spray-drying (and then sintered) into microscopic particles. Then,
these agglomerated nanoparticles were deposited on the Ni-based super alloy via
plasma spraying method. The bond coat powders were sprayed based on the
standard parameters recommended by the Sulzer Metco company (Ar flow = 65
slpm, H2 flow = 14 slpm, arc intensity = 600 A, spraying distance = 120 mm,
spraying velocity = 1000 mm/min, anode nozzle internal diameter = 6 mm, and
feedstock feed rate = 40 g/min). The parameters used to spray the nanostructured
ScYSZ coating were developed internally (Ar flow = 35 slpm, H2 flow = 10 slpm,
arc intensity = 600 A, spraying distance = 120 mm, spraying velocity =
1000 mm/min, anode nozzle internal diameter = 6 mm, and feedstock feed
rate = 18 g/min).
The coatings displayed the typical microstructure of APS coatings deposited
from nanostructured powders as used here [131, 132]. The literature indicates that
such coating microstructures basically comprise two clearly differentiated zones,
yielding a two-scale structure [133, 134]. One coating region, which was completely melted (marked M in Fig. 2.38b), consisted mainly of submicrometer-size
grains of ScYSZ. The other coating region, which was only partly melted (marked
PM), largely retained the microstructure of the starting ScYSZ nanopowder, thus
principally making up nanometre-sized grains of ScYSZ (nanozone). The particle
size of this splat-quenched ScYSZ is extremely small (20–70 nm, Fig. 2.38d).
Moreover, fractured cross-section of both coatings showed that splats had microcolumnar grain structure. This columnar structure was formed by directional
solidiﬁcation at rapid cooling [133].
Moreover, thermal diffusivities of APS nanocoating produced from commercial
7YSZ (Nanox-S4007 powder, spherical granules), and scandia, yttria stabilized
zirconia (ScYSZ, synthesized by sol–gel method, nonspherical granules) were
obtained 0.0157 cm2/s and 0.0193 cm2/s, respectively [15, 16]. It means that
thermal insulation of ScYSZ nanocoating was higher than micro-YSZ and lower
than nano-YSZ TBCs. It should be noted that the thermal conductivity decreases
with an increase in ionic radius of dopants, caused by the reduction in the mean free
path of phonons and the presence of excess grain boundaries [133, 134]. Thus,
another reason for the lower value of ScYSZ thermal insulation capability is that the
ionic radius of Sc3+ (0.081 nm) was less than radius of Y3+ cations (0.093 nm).
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Fig. 2.38 Optical image (a) and SEM image of polished (b) and fractured (c, d) cross section of
APS coating (Reprinted with permission from Loghman-Estarki et al. [115], Copyright © 2013,
Elsevier)

Furthermore, nanostructured ceria stabilized zirconia (CSZ), with 200 and 400 µm
thickness, show thermal insulation value of 92 °C and 155 °C, respectively [133,
134]. For further reading about TBC improvement one can read other new articles
about this area were cited in Refs. [131–148].

2.2.1.7

Rare Earth Zirconates

Rare earth zirconates have been identiﬁed as a class of low thermal conductivity
ceramics for possible use in gas-turbine engine applications. Zirconates, such as
SrZrO3 (perovskite type), BaZrO3 (perovskite type), and La2Zr2O7 with high
melting points were investigated for application as materials for thermal barrier
coatings at operating temperatures >1300 °C. Thermal expansion coefﬁcients of
zirconates were slightly lower than those of YSZ; thermal conductivities of SrZrO3
and BaZrO3 were comparable or slightly higher than those of YSZ. SrZrO3 was not
suitable for application as a TBC because of a phase transition at temperatures
between 700 and 800 °C. Moreover, BaZrO3 coating was show lower thermal
shock resistance (with a gas burner at 1200 °C) with loss of BaO as compared with
YSZ coating. On the other hand, among zirconate compound, the La2Zr2O7 coating
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showed excellent thermal stability and thermal shock behavior. Wu et al. [149]
show that all of the rare earth zirconates (RE2Zr2O7) including Gd2Zr2O7 (pyrochlore phase), (ii) Gd2Zr2O7 (fluorite phase), (iii) Gd2.58Zr1.57O7 (fluorite phase),
(iv) Nd2Zr2O7 (pyrochlore phase), and (v) Sm2Zr2O7 (pyrochlore phase) had nearly
the same thermal conductivities, all of which were 30% lower than that of 7YSZ.
Mechanical properties (hardness, fracture toughness, and Young’s modulus) of
BaZrO3 and La2Zr2O7 samples were determined by indentation techniques and
showed lower hardness and Young’s modulus as compared to YSZ.
RE2Zr2O7 micropowder was usually prepared by coprecipitation of an aqueous
solution of RE(NO3)36H2O and ZrOCl28H2O with a diluted NH3 solution
(NH4OH; pH = 12.5). In typical synthesis, RE2Zr2O7, RE = La, Gd, Pr, Sm, Dy,
are prepared by rapidly heating (350 °C) an aqueous solution containing calculated
amounts of zirconium nitrate, rare earth-metal nitrate, and carbohydrazide/urea
Fig. 2.39 XRD (CuK_
radiation) patterns obtained
from hot-pressed and
annealed rare earth zirconate
specimens. Arrows indicate
pyrochlore “superlattice”
peaks (Reprinted with
permission from Jinet et al.
[151], Copyright © 2015,
Elsevier)
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Table 2.14 Particulate properties of rare earth zirconates (Reprinted with permission from
AruláDhas [150], Copyright © 1993, Royal Society of Chemistry [RSC])
Compound
La2Zr2O7
Ce2Zr2O7
Pr2Zr2O7
Nd2Zr2O7
Sm2Zr2O7
Gd2Zr2O7
Dy2Zr2O7
a
From surface
urea process

Lattice parameter
‘a’ (nm)

Powder density
(g cm−3)

Surface area
(m2 g−1)

Particle sizea
(nm)

1.0774
4.1 (4.4)
14 (6)
100 (220)
1.0701
4.3 (4.5)
18 (8)
70 (160)
1.0658
4.4 (4.8)
20 (10)
60 (120)
1.0623
4.5 (4.9)
19 (10)
60 (120)
1.0575
5.0 (5.1)
20 (9)
60 (130)
1.0503
5.2 (5.5)
16 (9)
70 (120)
1.0437
5.2 (5.6)
17 (10)
60 (100)
area; value in the parenthesis correspond to rare earth-metal zirconate obtained by

[150, 151]. The formation of RE2Zr2O7with the pyrochlore structure was conﬁrmed
by XRD (Fig. 2.39). Often it is difﬁcult to distinguish the pyrochlore and fluorite
structures by XRD, because of the low intensity of pyrochlore (111), (331), and
(511) reflections. The particulate properties of combustion-derived rare earth zirconates are summarized in Table 2.14.
Recently, Pyrochlore La2Zr2O7 nanopowders with cubic structure have been ﬁrst
prepared by molten salts method using La(NO3)36H2O and ZrOCl28H2O as raw
materials, as well as K2SO4 (anhydrous) and Na2SO4 (anhydrous) as molten salts
and dispersant agent [152]. Mao et al. [153] have prepared La2Zr2O7 nanocrystals
by molten salts method using NaNO3 and KNO3 as molten salts, but they have only
prepared the fluorite-type La2Zr2O7. In a typical synthesis of pyrochlore La2Zr2O7,
La(NO3)36H2O) and ZrOCl28H2O were dissolved into the deionized water
(solution A), and stirred for 30 min. Then, the dilute ammonia (5 wt%) was added
to solution “A” till pH 10–11 with continuous stirring. Dried samples of potassium
sulfate anhydrous (K2SO4) and sodium sulfate anhydrous (Na2SO4) (K2SO4:
Na2SO4 = 1:1 [molar ratio]) were thoroughly mixed in a clean mortar. The mixture
of K2SO4 and Na2SO4 was dissolved into the deionized water (solution B), then
poured solution A into solution B with vigorous stirring at 80 °C. Then, slurry was
dried at 180 °C for 12 h in a oven. Herein, the molar ratio of the salts to the raw
materials was selected as 1:1. The remaining solid was transferred into a covered
corundum crucible and heated to 800–900 °C at a rate of 8 °C/min with a box
furnace in air and then isothermally annealed at 800 °C for 0.5–2 h. After being
cooled to room temperature, the resulting product was washed by a large number of
deionized water and ethanol for subsequent separation and puriﬁcation.
Figure 2.40 shows the XRD patterns of the samples prepared at 800 and 900 °C
for 0.5, 1 and 2 h, respectively. It is reported in literature [154] that the binary
oxides of rare earths with zirconia have two types of structures, i.e. pyrochlore
(La2O3, Pr6O7–Gd2O3) and fluorite (Y2O3, Tb2O3–Lu2O3). The fully crystallized
LZ has a pyrochlore structure which is very similar to that of the fluorite structure
and the two weak peaks of 2 h between 35° (peak [3 3 1]) and 45° (peak [5 1 1]) are
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Fig. 2.40 XRD patterns of
La2Zr2O7 nanocrystals
prepared at: a 800 °C, 0.5 h
b 800 °C, 1 h c 800 °C, 2 h
d 900 °C, 0.5 h e 900 °C, 1 h
and f 900 °C, 2 h (Reprinted
with permission from Wang
et al. [152], Copyright ©
2010, Elsevier)

the indication of pyrochlore structure [5, 6, 13]. Pattern (a) shows that the crystallinity is quite low and the main peaks are close to ZrO2 and La2O3. Patterns (b
and c) do not have these two peaks too. The peak [3 3 1] and peak [5 1 1] appeared
when the temperature increased to 900 °C, as shown in pattern (d), pattern (e) and
pattern (f), which implied that LZ powders had a phase transition when the temperature reached to 900 °C. The diffraction peaks can be readily indexed to the
pyrochlore crystal system La2Zr2O7 (JCPDS:01-071-2363). Compared with traditional solid state reaction, the synthesis temperature and time are lower and shorter.
This is because the salts can become to ionic liquid at some temperature which has
good heat transfer property and could enhance the fluidity and the proliferation
speed of the reactants. As shown in the magniﬁed peak of [2 2 2] and [4 0 0], the
peaks of LZ powders shift to the low degree side with the increase of temperature,
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Fig. 2.41 SEM images of La2Zr2O7 nano particles. a 900 °C, 0.5 h b 900 °C, 1 h c 900 °C, 2 h
and d 900 °C, 1 h (TEM images) (Reprinted with permission from Wang et al. [152], Copyright ©
2010, Elsevier)

implying that the lattice parameter increases with the increase of the nano-grain
size.
SEM and TEM were employed to obtain direct information about the size and
morphologies of the produced nanopowders. The typical SEM images (Fig. 2.41a)
show that the as-obtained nanopowders are all composed of cuboid-like particles
which are also very symmetrical. This is due to the ionic liquid penetrated in entire
reaction process and prevented the particles to reunite effectively. The average size
of La2Zr2O7 particles observed ranges from 60 to 90 nm and becomes a little larger
with the reactive time and temperature increases.

2.2.1.8

Zirconia—Alumina Nanocomposite

Different methods have been proposed to improve the hot corrosion resistance of
the coating as follows [86, 135, 136, 146, 155–160]:
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(1) Use of more resistant stabilizers, such as In2O3, Sc2O3, and CeO2 (2) Laser
glazing and remelting of coating provided a dense and pore-free layer to prevent
salt penetration into the coating (3) Deposition of a dense alumina overlay on the
surface of YSZ coating by EB-PVD technique that reduced salt inﬁltration
(4) Deposition of Al2O3–YSZ composite or nanocomposite on bond coating of
TBC system.
Due to brittleness problem of monolithic YSZ ceramics, nanocomposites have
received signiﬁcant scientiﬁc and technological attention over the past several
decades. Zirconia toughened alumina (ZTA), a crucial example of such composites,
has been used for broad industrial applications especially in the ﬁeld of structural
ceramics (such as in heat engines, rocket nozzles, and cutting tools) and TBCs.
ZTA composites exhibit excellent mechanical properties including high strength,
high toughness, good wear resistance as well as better thermal and chemical stability. The properties of ZTA were belonged to (i) uniformity of the t-ZrO2 particle
distribution, (ii) A small and narrow size distribution of ZrO2 particles,
(iii) Absence of coarsening of t-ZrO2 particles during heat treatments. This composite can be synthesized mainly by mechanical mixing, wet and high-energy
milling, liquid phase precursor methods (e.g., sol–gel), combustion, citrate–nitrate,
emulsion precursor, coprecipitation, and hydrothermal methods. Deb et al. [159]
was synthesized 20 vol.% ZrO2 (20 vol.% Y2O3)–Al2O3 nanocomposite by three
different gel agent (tartaric, glycolic, and citric acids). The advantages of this
method include that (i) it is moderately a much faster and easier process, (ii) it can
be performed at relatively lower temperature, and (iii) homogenous composites
powders with high purity can be obtained. Experiments were carried out as follows:
First, the starting solution was prepared by dissolving Al(NO3)39H2O into distilled
water. The concentration of aluminum nitrate was 0.5 M. The required amount of
ZrOCl28H2O was added into aluminum nitrate solution to reach the ﬁnal composition containing 20 vol.% zirconia. The acid was completely dissolved into
deionized water to a molar concentration of 0.5 M. Then, the acid was added to
mixed solution to assure equal ratio of acid to metal nitrate. YCl3 was introduced to
mixture at room temperature. The solution was continuously magnetically stirred
for several hours and kept at the temperature of 80 °C until the clear solution was
obtained. Then, temperature on magnetic stirrer was adjusted to 200 °C. The viscosity of mixed solution increased and its color became yellowish in a couple of
hours. The gelation of mixture was observed after indication of the changes in color
and viscosity in the mixture. The gel was conveyed to a mantle heater where
temperature was adjusted to 400 °C for 8 h to remove organic matters in air.
Finally, powders or gel precursor were obtained. This precursor was ground with
mortar and pestle for just 5 min to avoid any possible phase transformation from
tetragonal to monoclinic. Heat treatment was carried out on the powders at various
temperatures (from 400 to 1500 °C) for 2 h.
Figure 2.42 exhibits the XRD patterns of ZTA gelled in tartaric acid at various
calcination temperatures. Nanocrystalline metastable t-ZrO2 and the partial phase
transformation from c-Al2O3 to a-Al2O3 were obtained near 1000 °C, subsequently
only the mixture of a-Al2O3 and t-ZrO2 were determined up to 1500 °C. The
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Fig. 2.42 XRD patterns of ZTA gelled in tartaric acid at various calcination temperatures (t:
tetragonal zirconia, _: alpha alumina) [160] (Reprinted with permission from Copyright © 2008,
Elsevier)

monoclinic phase of zirconia was not detected at signiﬁcant amount although the
crystallite size of tetragonal zirconia was changed from 6 to 9 nm and 42–49 nm at
1000 and 1500 °C, respectively. Although the low temperature stabilization of the
tetragonal instead of monoclinic phase depends on the amount of stabilizer with its
distribution, synthesis route, intrinsic defects and water vapor in crystallite growth,
it is typically associated with the crystal size of the tetragonal structure [156, 157].
This might be attributed to the inhibition of coarsening of the t-ZrO2 grains by the
alumina particles. It was also observed that no signiﬁcant changes in the XRD
patterns occurred in the nanocomposites even though the acids having various
functional groups were used for gelation. In summary, the average crystallite size of
nanocomposite heat treated at 1000 °C was less than 10 nm and tetragonal zirconia
phase without transformation to monoclinic phase, which remained in the alumina
matrix close to 1500 °C. However, monoclinic phase was observed from Raman
spectra of samples heated at 1500 °C.
It is assumed that acids with various functional groups, such as carboxyl and
hydroxyl unit influence gelation characteristics of mixture. Furthermore, it was
observed the surface areas of the samples were changed with varying gel agent
(58 m2/g (glycolic), 168.6 m2/g (tartaric acid) to 278 m2/g [citric acids]). The
uniqueness of tartaric and citric acids derives from the presence of 2 carboxylate–2
hydroxylate and 3 carboxylate–1 hydroxylate groups in the molecular structure,
respectively, whereas glycolic acid has only 1 carboxylate–1 hydroxylate groups
which can act as donors and build a complex with a central metal atom. These
molecules can operate as bidentate ligands and establish chelate complex with
metals It has also been calculated that the interaction energy between powders and
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organic compound rises with increasing functional groups, such as carboxyl (–
COOH) and hydroxyl (–OH) in the molecular structure [158]. Therefore, tartaric
and citric acids might exhibit better performance during the building of chelate
complex and gelation due to having more functional groups than glycolic acid has.
Thus, powders synthesized by using tartaric and citric acids revealed higher surface
area than that by glycolic acid.
TEM data in Fig. 2.43 showed that synthesized powders have equiaxed-rounded
shape and the crystallite size was in good agreement with XRD results. The contrasted bright and dark areas within the images on the nanocomposite correspond to

Fig. 2.43 TEM micrographs ZTA with citric acid at 1000 °C for 2 h. Zirconia appeared as dark
regions, while alumina appeared as bright region (Reprinted with permission from Gocmez et al.
[160], Copyright © 2010, Elsevier)
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Fig. 2.44 SEM images of nanoagglomerated powders: a YSZ b YSZ–15 wt% Alumina [161]

the Al2O3 and ZrO2, respectively. According to literature, the ZrO2 is stabilized in
tetragonal phase due to encapsulation in the porosity of the a-Al2O3 grains. The
boundaries of the alumina pores prevent the growth of ZrO2 and consequently
stabilize the ZrO2 in the tetragonal phase [159, 160].
Recently, Z. valeﬁ was reported simple route for preparation of plasma sprayable
alumina-YSZ nanocomposite [161]. To produce the spray feedstock, nanopowders
of ZrO2–8 wt% Y2O3 (nanostructured and amorphous materials Inc.; product name:
Zirconia Yttria nanopowder; 5933ZS; particle size 20–30 nm) and Al2O3 were
mixed according to ﬁnal composition of YSZ with 5, 10 and 15 wt% of Alumina
(nanostructured and amorphous materials Inc.; product name: a-Alumina powder
1005MR; particle size *150 nm) and then suspended in water. The suspensions
were heated to result a solid mass after evaporation of water. During the heating
process the suspensions were stirred by a magnetic stirrer until the viscosity of
suspension was high enough to minimize phase separation. After complete evaporation the stirrer was separated from the resulted mass and the powder suitable for
spraying was produced by grinding and sieving of the solid mass in the range of
45–90 lm (Fig. 2.44).
After plasma spraying this feedstock on substrate, as we can see (Fig. 2.45) the
splat formation for YSZ–15 wt% Alumina coating is higher. Considering the phase
diagram of YSZ–Al2O3 system, it shows that increasing the amount of Al2O3 up to
about 40 mass% decreases the melting point of the solid solution to about 1866 °C.
It can be expected that the melting point of YSZ–15 wt% Alumina is lower than
YSZ–5 and 10 wt% Alumina coatings so choosing the same spray parameters for
these coatings results in more splat formation in bimodal structure for YSZ–15 wt%
Al2O3.
It is believed that Al2O3 material is effective in suppressing the oxidation of
TBC system. And hence, it increases the lifetime of the coated component and
improves its reliability. Another conclusion that can be extracted from Fig. 2.46 is
that the oxidation resistance of YSZ with 5 and 15 wt% Alumina coatings is higher
than YSZ with 10 wt% Alumina. This group [161] was also show that tensile
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Fig. 2.45 SEM images from the surface YSZ–Alumina composite coatings produced by
nanoagglomerated powders. a YSZ–5 wt% Al2O3 b YSZ–10 wt% Al2O3 c YSZ–15 wt%
Al2O3 (Reprinted with permission from Saremi et al. [161], Copyright © 2013, Elsevier)
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Fig. 2.46 Evolution of TGO
layer thickness with oxidation
time for YSZ and YSZ–
Alumina coatings (Reprinted
with permission from Saremi
et al. [161], Copyright ©
2013, Elsevier)

strength and Thermal shock and corrosion resistance of nanostructured YSZ–15 wt
% alumina coatings was higher than related to YSZ coatings.

2.3

Summary

The review of various synthesis methods for the preparation of zirconia-based
nanostructure for thermal barrier coatings (TBCs) show that wet chemical method
especially modiﬁed sol–gel-based route, such as Pechini method have a scale-up
potential for preparation of large-scale synthesis of variety of zirconia-based
nanostructure for TBCs. Literature review show that in the case of hot corrosion
resistance of TBCs, the ScYSZ coating is the best one but this coating have lower
thermal conductivity than conventional YSZ TBCs. Thus, for having thermal
shock, corrosion resistance and low thermal conductivity nanostructured YSZ is the
best option for TBCs. However, effort for the synthesis of nanostructured codoped
zirconia, and zirconia nanocomposite, were ongoing to improve life time of TBCs.
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Chapter 3

Synthesis of Nanostructure Ceramics
and Their Composites
Ankita Dhillon and Dinesh Kumar

Abstract Nanostructure ceramics and their composites are attracting growing
interest nowadays. With the development of innovative processing methodologies,
these materials have reached a long way from the laboratory level to the commercial
scale. Several types of ceramics nanocomposite are synthesized these days; still, an
insightful analysis of the materials’ properties across length scales is essential for
the fruitful utilization of their unique properties. Actually, the knowledge of the
effect of nanoscale structures on the bulk properties facilitates the development of
high-performance composite ceramics materials. Further, the development of preferred nanostructured characteristics in the sintered composites is a challenging task
that requires cautious management in all manufacturing stages. This chapter revises
the mainly utilized synthesis methods for the development of the nanocomposite
ceramic powders with special emphasis on the key role of the synthesis method in
directing the microstructure and properties of the sintered ceramics.

3.1

Introduction

These days, development of nanocomposite ceramic materials with advanced
properties has motivated the researchers to produce multifunctional ceramic
materials. Such kind of latest interest in the ﬁeld of nanotechnology further stimulated the production of these nanocomposites.
Broadly, nanotechnology can be described as the designing, processing, illustration, and employment of materials, devices, and structures having, which exhibits new and considerably improved chemical, physical, and biological properties
as a result of their nanometer size [1, 2]. Nanomaterials have particle size less than
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100 nm, while ultraﬁne grains possess particle size less than 500 nm [3].
Conversely, nanocomposites are multiphase materials having as a minimum one
component phase dimension less than 100 nm [2].
Niihara proposed the idea of structured nanoceramics in 1991. These ceramic
nanocomposites may be regarded as the implementation of nanocomposite
advancement for the development of microsized ceramic composites [4] and an
insightful analysis of the materials’ properties across length scales is essential in
these various kinds of nanoceramics materials. The development of advanced and
multifunctional composites can be achieved from the knowledge of the influence of
nanoscale structure on bulk properties [2]. The advances in novel ideas at every
single step from composite nanopowders’ development to their processing and
sintering lead to the successful development of efﬁcient ceramic nanocomposites.
A large number of technologies are there nowadays, for fabricating extremely pure,
single-phase nanocrystalline powders [5]. On the contrary, traditional mixing and
milling method are being utilized for the production of nanocomposite powders that
lack advanced technologies for their production at the large manufacturing level.
The chapter is entirely devoted to the synthesis methods of nanostructure
ceramics and their composites, with the purpose of supporting the chief function of
these fabricating steps in couturing the composites’ nanostructural properties.

3.2

Synthesis of Nanocomposite Ceramic Powders

The materials’ mechanical properties such as creep resistance, hardness, strength,
and fracture toughness are known to enhance by the addition of nanosized
second-phases.
On the other hand, a properly designed fabrication process for tailored sintered
micro/nanostructures can lead to the development of exceptional mechanical
properties in nanocomposite ceramics. In addition to the matrix chemical composition, the quantity, distribution, and the reinforcement phase morphology must also
be appropriately estimated in designing a composite structure. A main idea is
attaining the uniform allocation of the second phase in the matrix matter which is so
far a difﬁcult task during the utilization of nanocrystalline particles as a result of
their reasonably high speciﬁc surface that leads to agglomeration. This shows that
every synthesis step of ceramics development should be performed with extra skills,
from the fabrication step, to the sintering steps. Even though, an improvement in the
synthesis steps and sintering steps have been improved in some preceding studies
[1, 6], a further understanding of the importance of synthesis route on the structural
properties of nanoceramics is required.
Al2O3/SiC and Si3N4/SiC are the most widely explored structural ceramic
nanocomposites, while numerous other phases‚ for instance‚ TiN, TiO2, Cr3C2,
ZrO2, may be utilized as nano-supports in Al2O3, MgO, Si3N4, and mullite ceramic
materials. The chiefly employed synthesis methods for these composite structures
are discussed in this chapter (Table 3.1). Initially, the conventional mixing and
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Table 3.1 Various synthesis routes of ceramic nanocomposites
Synthesis route

Composite

Type of composite

References

Mechanochemical

Oxide/oxide

HA/MgTiO3/MgO; b-CP/Mg TiO3/
MgO
Al2O3/ZrB2/ZrO2; Al2O3/TiB2
B4C/SiC, NbC/NbB2
Al2O3/SiC; Mullite/SiC
ZrC/SiC; Si3N4/SiC
ZrO2/SiO2; TiO2/V2O5
Si3N4/SiC
Al2O3/SiC; Mullite/TiB2
Si3N4/TiN;Si3N4/MoSi2; Si3N4/SiC;
Al2O3/ZrO2;Al2O3/Y3Al5O12;
Mullite/ZrO2; Mullite/TiO2
SiC/Al2O3; SiC/Y2O3

[7]

Polymer
precursor
Vapor phase
SHS

Surface
modiﬁcation
Solution
combustion/
Spray
decomposition
Co-precipitation

Sol–gel

Oxide/non-oxide
Non-oxide/non-oxide
Oxide/non-oxide
Non-oxide/non-oxide
Oxide/oxide
Non-oxide/non-oxide
Oxide/non-oxide
Non-oxide/non-oxide
Oxide/oxide
Oxide/non-oxide
Oxide/oxide

Oxide/oxide

Oxide/non-oxide
Non-oxide/non-oxide

Al2O3/ZrO2; Al2O3/Y3Al5O12;
Al2O3/Mullite; Al2O3/SiO2; ZrO2/
MgAl2O4;Al2O3/ZrO2/Y3Al5O12;
ZrO2/Al2O3/SrAl12O19
Al2O3/ZrO2;Al2O3/Y3Al5O12; ZrO2/
Gd2O3; Al2O3/LaAl11O18;
Ca10(PO4)6(OH)2]/Fe2O3/
Mullite/Al2O3
Al2O3/SiC; Mullite/SiC
AlN/BN

[8, 9]
[10, 11]
[12–15]
[16–23]
[12, 24]
[12]
[25, 26]
[27–31]
[32–37]
[38]
[39–52]

[53–61]

[62–65]
[66]

milling method utilized for the development of one-phase ceramic composites is
illustrated. After that, the more sophisticated routes employed for direct production
of ceramic composite powders are illustrated.

3.2.1

Conventional Powder Method

Currently, majority of ceramic composite are synthesized by simple mechanical
combining of the component phases. The key points to be considered in such route
are the assortment of raw materials, control of the particle size, distribution of size,
and agglomeration limits and purity of the component samples. High purity of the
component samples are required to minimize the development of an additional
phase in sintering step. Although, the presence of various size particles presents a
higher packing density yet, it is hard to the control the microstructural developments during sintering because of coarsen of larger grains. Additionally, the particle
size affects the resultant granule size and the rate of densiﬁcation as a result of
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higher speciﬁc surface. Further, increase in degree of agglomeration can result in
heterogeneous packing that provides discrepancy in sintering rates and heterogeneous micro-arrangements. The high degree of heterogeneity can create large flaws,
reduced strength of the sintered composite. Therefore, efﬁcient mixing up and
adequate particles’ dispersion in the resultant powder is achieved by utilizing ﬁne
size, freely dispersed powders for both matrix and reinforcing components.
Additionally, the densiﬁcation action and microstructural development can be
controlled using the crystalline part of the untreated powder. Both types of Al2O3
such as c-Al2O3 and a-Al2O3 can be utilized in the development of Al2O3-based
ceramic nanocomposites. The c-Al2O3 powder has the properties of ultraﬁne-sized
particles, the loosely packed morphology with good surface area that further
motivates its utilization in ceramics development. On the other hand, the development of a-Al2O3 from metastable, transition phases takes place by a nucleation
and growth mechanism along with reduction in volume, as a result of the high
density of the a-phase and adjustment of grain morphology. Actually, uniform
growth of a-Al2O3 particles into the h-Al2O3 phase at elevated temperature resulted
into a well-distinguished vermicular morphology having a network of big and
elongated pores. Therefore, full densiﬁcation for signiﬁcant grain growth requires
very high temperature during the ﬁnal stages of sintering [67]. Consequently,
a-Al2O3 particles are preferably utilized as starting components for monolithic
Al2O3 and other correlated nanocomposites.
Wet ball or attrition milling methods can be utilized for the homogenization of
the powder mixture in aqueous or organic media. This powder mixing method
involving ball-milling and ultrasonic dispersion has been frequently employed for
the development of Al2O3/SiC composites [12]. Drying of the obtained composites
is an important step as it involves the risk of agglomerate formation, which can be
minimized by utilizing an infrared heat lamp or freeze drying [12].
In spite of its wide acceptability, the method is inadequate to attain a uniform
dispersion of nanoparticles in a powder because of agglomeration and distribution
problems. Additionally, the milling step can add little impurity to the composites
from the milling phases. All these drawbacks further motivated the researchers to
develop new fabrication routes for the direct generation of nanocomposite powders.
Some of these methods are described below.

3.2.2

Mechanochemical Synthesis

This method involves energy-intensive milling methods, commonly performed
under controlled conditions and has been utilized for Al2O3 reinforced by intermetallic compounds and for complex compositions [68] involving non-oxide,
oxide, and various oxide/non-oxide nanocomposites [9–11]. According to fracture
mechanics theory, the smallest portions ranging from 5 to 100 nm can be formed
via frequent, high-energy milling of particles. In actual practice, smaller size
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(*100 nm) particles are hardly detected by ceramic grinding tests because of the
formation of larger particles containing ultraﬁne grains [1].
In spite of its wide acceptability, the method is the inadequate to fabricate
distinct nanoparticles of desired size. Additionally, the milling step can contaminate
the composites from the milling phases, mostly when frequent milling cycles are
performed.

3.2.3

Polymer Precursor Route

Conventional powder-based ceramics alternatives’ involves polymer-derived
ceramics where starting materials are often a Si-based polymer for instance
polysiloxane, polysilazane, polycarbosilane, etc. The controlled thermal decomposition of cross-linked polymer leads to the formation of ceramic materials
(Table 3.1).
In a study Al2O3/SiC composites are produced by the coating of polycarbosilane
onto a surface functionalized Al2O3. The obtained composites was further pyrolysed at 1500 °C that resulted in the development of ultraﬁne SiC particles of size
less than 20 nm [13]. The composite was further hot pressed at 1700 °C, to develop
a solid nanoceramic. Comparative studies of the development of the sintered
microstructure of Al2O3/SiC composite using conventional powder synthesis route
and polymer precursor method have revealed that the second precursor route offers
much better and evenly dispersed SiC nanocomposites [12].
Further, the Si3N4/SiC nanoceramics have also been synthesized using the
polymer precursor route. Two types of synthesis routs have been examined. In the
ﬁrst method, a combination of Si3N4 powder, and the polymethylphenylsilane
polymer are attritor minced, pyrolysed (1000 °C) in Ar atmosphere and, ﬁnally,
pressure less sintered (1850 °C) in N2 atmosphere. The resultant Si3N4/SiC composite possessed Si3N4 grains in micron size with well-distributed SiC nanoparticles
[17].
In the second method, an amorphous Si–C–N composite has been achieved by
cross-linking and pyrolysis of polymethylsilazane at 1000 °C [17, 18], pressure less
sintering of the cold at 1750 °C. The resultant Si3N4/SiC nanocomposite showed
nanocrystalline structure for both Si3N4 and SiC composites with homogeneous SiC
distribution [18, 22, 23].
A comparison of mechanical characteristics of Si3N4/SiC nanoceramics synthesized using conventional powder synthesis method [20] and polymer precursor
method [23] has been illustrated in Sternitzke’s review [12]. Especially, in conventional powder route, increase in strength of Al2O3 has been observed upon
addition of SiC and it reduced once more for more additions, while, toughness has
been continuously decreased with the SiC content. This kind of behavior was
attributed as a result of reduction in density and clustering of SiC nanoparticles.
On the other hand, superior results were obtained using polymer precursor
method, in which continual raise in potency and hardiness with SiC contents was
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observed, as a result of more uniform dispersion of SiC particles in the nitride
phase.
Yu et al. [69] synthesizes SiC/C/Fe nanocomposites using polymer precursor
route where, ﬁrst, hyper-branched polyferrocenylcarbosilane (HBPFCS) was prepared as polymer. The viscosity of the polymer was removed by its curing at 170 °
C for 6 h in an oil bath. This resulted in the transformation of HBPFCS into dense
and dark red solids instantly and minor weight loss of polymers was also experienced. The temperature effect on the structural modiﬁcation was observed in the
polymer-to-ceramic conversion by curing polymers at different temperatures.
Pyrolysis of the samples was achieved by ﬁrst heating the samples to the required
temperature for 2 h, subsequently becoming cold when exposed to the room temperature. The complete conversion precursor into the inorganic state was achieved
close to 900 °C as supported by TGA and FT-IR analysis. Therefore, this temperature was selected for ceramics synthesis.
Mohapatra et al. [70] developed Li+-doped t-ZrO2, using hydrolysis of dispersed
4+
Zr and Li+ cations by means of PVA polymer and sucrose in cold water.
Hydrolysis of Zr4+ and Li+ was done by NH4OH that resulted into the formation of
LixZr1-xO1-x (OH)2-x. Calcination of the precursor at 500 °C resulted in the formation of Li+:t-ZrO2 powder. The employment of PVA-sucrose polymer functioned
as a solid dispersent, templating agent, and solid fuel. The Li+ were found to be
present in the form of small tetraoids crystallites of size 10–25 nm. This technique
has been found to be more efﬁcient as compared to traditional sol–gel process for
the processing of shape-controlled ceramics like ZrO2 and its derivatives.

3.2.4

Vapor-Phase Reaction Technique

Both oxide and non-oxide composites have been commercially produced using
vapor-phase synthesis route. The method mainly involves a gas-phase condensation
technique, where Joule heating of a solid is resulted into a supersaturated vapor.
The variation in particles size, shape, and compositions during saturated vapor
formation can be realized using additional gas-phase condensation techniques, for
instance, electron beam evaporation, laser ablation, magnetic sputtering, and arc
discharge. The method is associated with the production of nanocrystalline powders, with no requirement of calcination step, and the composites produced are of
superior purity with ﬁne-sized particle distribution. Different types of composites
are produced depending upon the nature of the gas for instance inert gas, e.g.,
helium, is utilized non-oxide powders development whereas; oxygen having gases
are utilized to synthesize ultraﬁne oxide composites. In the later case, annealing at
high temperatures is carried out for oxidation. The alkanes or alkenes are utilized as
carbon source to produce metal carbides and NH3 as for metal nitrides synthesis [5].
Vapor-phase pyrolytic reaction has been utilized for the synthesis of Si3N4/SiC
nanocomposite [12]. For that, synthesis precursors ([Si(CH3)3]2NH or [Si
(CH3)2NH]3) are introduced with NH3, in N2 atmosphere, in a preheated reaction
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chamber (1000 °C). The obtained amorphous composite was further crystallized to
Si3N4/SiC when heated at high temperature (1500 °C). The amount of carbon in the
obtained crystalline composite can be adjusted by the NH3 content. The resultant
submicron composite is highly reactive with respect to oxygen or water and generates heat on reaction. As a result, an instant heat treatment step is required at
1350 °C for 4 h in Ar atmosphere [12].
Similarly, vapor decomposition route has been employed for the production of
ZrO2/SiO2 composite. In this synthesis method the precursors, ([Si(OC2H5)4],
zirconium tert-butoxide) were ﬁrst converted into vapors by sparkling a carrier gas
in the precursor solution. The thermal decomposition takes place when vapors were
introduced into plasma. Nucleation and development of the ceramic composites
took place on the outer side of the plasma region that resulted into the formation of
SiO2 composites trapped small ZrO2 grains [71].

3.2.5

Self-propagating High-Temperature Synthesis
and Combustion Synthesis

In self-propagating high-temperature synthesis, nanocomposite ignition exhibits an
exothermic reaction that resulted in the elevated temperatures (1000–3000 °C)
during adiabatic circumstances. The method involves the production of both single
and multiphasic ceramic composites. Indeed, this synthesis route has been
employed for in situ development of numerous ceramic composites (Table 3.1).
The method has been utilized for the synthesis of TiN/Si3N4 composites with a
mixture of Si and Ti in their elemental form into N2 atmosphere [30]. The highly
exothermic nature of the reaction resulted in melting of components, which
obstructs nitrogen inﬁltration resulting in incomplete reaction. Such kind of
unwanted phenomenon is prevented by introducing a nonreacting diluent for
instance TiN and/or Si3N4 in the initial mixture.
In another approach, TiN–SiC–Si3N4 nanocomposites have been developed by
means of initial compositions having compounds like TiSi2–SiC mixture rather than
individual elements via a combustion reaction in N2 atmosphere [29]. Out of various titanium silicides, e.g., TiSi, Ti5Si3, TiSi2 [27], Ti5Si3 has been found most
suitable compound at relatively low nitrogen pressure as supported by thermodynamic analysis and relevant experiments.
Recently [31], combustion synthesis employing a combination of ZrSiO4, Mg,
C, B, and NaCl as precursors has been utilized for the synthesis of bi-phasic,
tri-phasic, and tetra-phasic composites, for instance ZrC/SiC, ZrB2/SiC/ZrC, ZrB2/
SiC/ZrC/ZrSi, respectively. Here, Mg was utilized for the reduction of ZrSiO4, and
NaCl diluent for homogeneous particle size distribution and phase combination of
the resultant composites. A reduction in ignition temperature and size of particles
was observed with the NaCl concentration.
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In a study, LnTiNbO6, (where, Ln may be Ce, Pr, Nd, Sm, Gd, Dy, Er, Yb
metals) ceramics were synthesized using combustion synthesis route [72]. During
the synthesis, fuel:oxidant ratio was *1 according to calculations based on propellant chemistry that facilitates production of maximum energy. For the synthesis,
niobium pentachloride, titanium isopropoxide, and the other rare earth metal oxides
functioned as cation precursors as well as oxidizing agents, citric acid as a complexing agent and urea served as fuel. A concentrated solution of oxidizing and
reducing agent was heated at 250 °C that ended with the formation of a gelatinous
mass. Further heating of gel resulted into dehydration and then self-ignition of it
caused evolution of gases that formed a residual ash having fluffy nature. Further
heating of the obtained at 600 °C resulted into the formation of a high purity
nanopowder. The obtained nanocomposite was added upon by one drop polyvinyl
alcohol and then pressed to form pellet. Finally, sintering of the pellet was achieved
in a muffle furnace. The synthesized composite ceramics have size in the range of
20–35 nm. It was found that the ceramics having Ce, Pr, Nd, Sm metal oxides have
aeschynite orthorhombic conﬁguration and ceramic having Gd, Dy, Er, Yb metal
oxides have euxenite orthorhombic conﬁguration. The study supported the formation of high purity, nanocomposite of lanthanide oxide using solution combustion technique. The synthesized nanoceramics using this technique have superior
dielectric properties as compared to microceramics synthesized using solid state
ceramic method [combustion 1].
Manukyan et al. [73] devised the mechanism of formation of pure Ni during
self-propagating combustion reactions in reactive gels. The authors found that the
highly exothermic gas-phase reaction of N2O with NH3 as the major powerhouse of
the combustion reaction. On the other hand, formation of metal during the combustion of fuel-rich compositions was resulted due to two successive endothermic
steps, where ﬁrst, decomposition of nickel nitrate hydrate at *250 °C formed NiO
nanoparticles of size 0.8−5 nm. After that, the reduction of obtained NiO particles
to metallic nickel was achieved by excess of NH3 at >450 °C. All the reactions
were found to proceed in consequent steps that facilitated the generation of a
steady-state reaction along the reactive gel. At last, rapid sintering of metal
nanoparticles due to high temperature of the combustion process, resulted into the
formation of foam like nickel nano-arrangements [solution combustion].
Purohit and Tyagi synthesized [74] monophasic Ba2Ti9O20 composite by means
of the powder resultant by an auto-ignition process. The formation of gelatinous
mass was achieved by dehydration of the pH balanced citrate–nitrate solution at
elevated temperature. A stable gel having optimum decomposition performance and
good powder properties were achieved by optimizing the quantity of citric acid and
solution pH during gelation. The high temperature of the combustion process
resulted into the formation a voluminous, nanocrystalline powder having good
blending of BaTi4O9 and TiO2 having small amount of carbonaceous matter.
Further, monophasic Ba2Ti9O20 could be formed at a high calcination temperature
(1200 °C). Alternatively, auto-ignition, during the reaction resulted in the formation
of a powder, which, after calcination (600 °C) and sintering (1250 °C), created
solid, pure-phase Ba2Ti9O20 composite.
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Similar researchers showed the signiﬁcance of management of oxidant/fuel ratio
in synthesizing mixed metal oxides of varying thermodynamic stabilities [75]. The
authors synthesized Sr0.09Ce0.91O1.91, SrCeO3, and Sr2CeO4 ceramic composites by
similar kind of gel-combustion process, where glycine was utilized as fuel and the
equivalent metal nitrates as oxidants. In situ production of Sr0.09Ce0.91O1.91 was
achieved with no additional external heating, while phase pure SrCeO3, and
Sr2CeO4 composites were achieved only subsequent calcination at 950 °C for 3 h.
The authors carried out the synthesis of Sr0.09Ce0.91O1.91 by the fuel-deﬁcient ratio,
the propellant chemistry ratio, and the fuel-excess ratio. The crystallite size of the
synthesized composites was found to increase with the fuel-deﬁcient, propellant,
and fuel-excess ratios, respectively. Additionally, the extreme fuel-deﬁcient ratio of
1:0.5 failed to provide phase pure Sr0.09Ce0.91O1.91. The SrCeO3 and Sr2CeO4
composites showed the particles size in the range of 80–100 and 200–250 nm,
respectively. Therefore, the importance of oxidant-to-fuel ratio in preparing
Sr2CeO4 was established having lower thermodynamic stability compared to that of
SrCeO3.

3.2.6

Solution Based Techniques

3.2.6.1

Sol–Gel

This is the widely accepted liquid-phase processing of nanocomposite materials
where, sol is prepared by using inorganic or metal-organic salts. After that, obtained
sol is transformed into a gel by hydrolysis and condensation reactions. Finally the
gel is dehydrated to remove excess liquid phase that resulted into the shrinking of
gel and its transformation into preferred phase. The present route facilitates the
formation of complex shapes from the gel phase with homogeneous chemical
composition without the requirement of high processing temperatures. Additionally,
various kinds of microstructures can be tailored by scheming the gelation factors
and successive thermal treatments.
In spite of its wide acceptability, the method is the inadequate for raw materials
like organometallics due to their costly nature and moisture sensitivity.
Furthermore, careful control over hydrolysis and condensation reactions is required
during the synthesis of multi-cation materials so as to minimize segregation phenomena. High-temperature calcination of amorphous is required where coarsen of
microstructure can occur by agglomerates. Jayaseelan et al. developed Al2O3/ZrO2
composite using this process [32]. For that, ﬁrst hydrous boehmite and oxalate sols
like zirconyl oxalate, cerium zirconyl oxalate, and yttrium zirconyl oxalate were
developed to produce unstabilized, ceria-stabilized, or yttria-stabilized ZrO2/Al2O3
composites. Then proper ratios of sols were mixed for the composite of the ﬁxed
composition. After that, obtained sol was transformed into gel and dried to remove
excess liquid phase. The obtained amorphous composites were investigated for
effect of calcination temperature on phase composition and density by calcining
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them
at
different
temperatures.
The
resultant
composites
have
nanometric/submicrometric zirconia grains located at the junctions of the Al2O3
grains and grain boundaries.
Naga et al. [33] synthesized (Y,Ce)–ZrO2/Al2O3 composites by two different
synthesis routes viz. sol–gel and mechanical mixing methods and then compared
their microstructural and mechanical properties. The sol–gel synthesized composite
demonstrated superior bulk density, lesser porosity, and ﬁner microstructure as
compared to the mechanically mixed composite.
The technique can be also employed for the synthesis of non-oxide type
nanocomposites [62–66]. For instance, non-oxide type nanocomposites, i.e., Al2O3/
SiC nanopowders, are prepared by dispersing the SiC nanopowder in a suitable
medium for obtaining a stable suspension. This was then mixed with an Al2O3 salt
solution to form gel [63, 64]. The obtained gel was dried, calcined, crushed, and
sieved to obtain nanocomposites.
Although, the adding up of carbon nanotubes (CNTs) to ceramic matrices leads
to the development of composites with novel properties, however it is found to be
difﬁcult to uniformly disperse undamaged CNTs into these composites. The
problem was overcome by Chu et al. [76] by developing highly uniform dispersions
of CNT in glass matrices and their corresponding dense composites. The matrices
have been fabricated by in situ sol–gel processing using esteriﬁed CNTs for the
production of low-melting point aluminoborosilicate glass matrix. First,
single-walled or multi-walled CNTs were functionalized by nitric acid, and afterward an ammonia–ethanol solution was added. The solution dispersion in a glass
precursor sol was achieved using ultrasonication. Finally, after gelation and calcination, the obtained composite powder was hot pressed. This was resulted into the
formation of dense and well-dispersed CNT–borosilicate composites. Initially, the
formation of cristobalite resulted into microcracking which was successfully
eliminated by extra supplements of alumina.
Babu et al. [77] developed Co2+, Ni2+, and Cu2+ ions doped willemite a-Zn2SiO4
nanoceramic powder using sol–gel method. The composite powder were synthesized by separately dissolving tetraethylorthosilicate (TEOS) and (Zn(NO3)2 6H2O)
in 2:1 molar ratio in proper quantity of ethyl alcohol which was followed by stirring
of these solutions for 15 min. Various divalent transition metal ions were dissolved
in calculated amount in double ionized water, followed by stirring of these solutions
for 10 min. These divalent transition metal ions solutions were added to the
resultant zinc sol and the resultant mixed solution was added to the SiO2 solution.
The hydrolysis of the TEOS was achieved by 0.2 ml HCl that resulted into the
formation of a clear and transparent solution and the mixture was constantly stirred
for 12 h at *75–80 °C. Evaporation of the precursor in air for 2 or 3 days resulted
in the formation of transparent xero-gels. The moisture content of the produced dry
sol–gels was removed at 120 °C for 12 h. Final calcination of the sample at 1000 °
C for 2 h produced the sol–gel nanoceramic powders. The synthesized powder
contained small and round-shaped grains with an average diameter of *20 nm.
In a study, nanoceramic powders of Ba0.5Sr0.5Co0.2Fe0.8O3 (BSCF) were
developed using sol–gel synthesis route [78]. During the synthesis, glycine was
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utilized as chelant agent and ethylene glycol as dispersant. The calcination of the
resultant powders was carried out at the rate of 850 °C/3 h in the air. The powder
was found to have the perovskite phases in Ba0.5Sr0.5Co0.2Fe0.8O3. Complete
weight loss temperature at 450 °C indicated completion of the combustion process
and formation of oxide phases as supported by TGA analysis. The resultant
nanoceramics powder has highly porous spherical particles in nano-regime.
Heshmatpour and Aghakhanpour [79] utilized glucose and fructose as organic
additives to synthesize zirconia nanoceramics using the sol–gel synthesis route. The
utilization of glucose and fructose as organic additives has lead to the development
of some positive consequences on the tetragonal to monoclinic phase transition.
Additionally, they also controlled the morphologies and crystallite size of the
developed nanoceramics. Calcination of the zirconium hydroxide gel after thermal
drying in an oven was done at different temperatures from 300 to 700 °C for 3 h.
The composites were found to have Zr–O–Zr bond in their structures as supported
by Fourier transform infrared (FT-IR) analysis. The developed nanoceramics
showed quite uniform small-sized nanoparticles having both tetragonal and monoclinic phase and crystallite size from 10 to 30 nm.
Shah and Trivedi [80] synthesized SnO2 nanoceramics using sol–gel method at
constant temperature hydrolysis. SnCl4.5H2O, citric acid, and ethylene glycol were
utilized as precursor materials. The structure of the synthesized tin oxide powder
was found to be a function of ethylene glycol /alcohol ratios. The SnO2-cassiterite
phases were observed in the nanosize range up to ethylene glycol/alcohol ratios = 1
ratio having preferred orientation along (101). This orientation was shifted to
(110) at ethylene glycol/alcohol ratios = 1. The average particle size in the
nanoceramic was found to be in the range of 80–160 nm. Further, the homogeneous
atomization of tin cations was strongly influenced by the concentration of ethylene
glycol.

3.2.6.2

Co-precipitation

Co-precipitation technique involves the precipitation of the desired cations dissolved in an aqueous solution by adding a chemical precipitant agent into it. During
this process, an adjustment in pH and temperature of the solution phase permits
controlled nucleation and growth of precursors and therefore the resultant particles
morphology. Conversely, the main drawback of the process is the presence of
inappropriate conditions for the coincident precipitation of all the metal ions present
in solution. The process mainly involves nucleation and growth route where,
small-sized particles are obtained at high nucleation and slow growth rates.
Rana et al. [54] developed Al2O3/ZrO2 composite powders by three different
processing routes, i.e., precisely gel precipitation (GPT), precipitation (PPT), and
washed precipitation (WPT) where, aqueous ammonia was utilized as a precipitating agent. The pH of the solution was maintained in the range 6–6.5 during GPT,
and in the range 8.7–9.1 for the other two synthesis precipitation routes. The main
difference between the PPT and WPT routes is in their washing step where, the PPT
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route involves the separation of precipitate from the liquid before drying and the
WPT route involves the washing of precipitate with hot water and alcohol prior to
drying. These differences in the processing routes influenced the crystallization
temperature of the amorphous Al2O3 and ZrO2 powders during calcination process.
It has been found that although the crystallization of both GPT and PPT powders is
achieved at 350 °C, WPT powder do not crystallized even at 650 °C. Only WPT
product showed the tendency of generating pure tetragonal zirconia phase. Larger
size and hard agglomerates were obtained from GPT route whereas, smallest and
soft agglomerates with low agglomeration strength from WPT route. Therefore,
WPT give rise to compact agglomerates with good sintering ability at lower sintering temperature.
Similarly, Balmer et al. also utilized co-precipitation route [55] to synthesize
plate-like ZrO2/Al2O3 nanocomposites. The aluminum nitrate hydrate and zirconium acetate were used as precursors solutions. The solution was then atomized
onto a Teflon-coated aluminum substrate at 250 °C to minimize the selective
crystallization of aluminum nitrate in the solvent removal step. The obtained
amorphous powder was then further subjected to calcinations. Both the scale and
lamellar microstructure development can be controlled by adjusting the composition and heating conditions. The tetragonal zirconia and c-Al2O3 of size in the range
40–100 nm were found at temperatures <1100 °C whereas, thin plate-like Al2O3
having nanometer zirconia inclusions were obtained at 1200 °C.
The effect of precipitant and drying method on Al2O3/ZrO2 powders synthesized
by co-precipitation was studied by Han et al. [56]. For that three precipitant utilized
were NH4HCO3, NH4OH, and (NH3)2CO3 and three drying methods like vacuum
drying, spray drying, and freeze drying were evaluated. The study demonstrated
that the appropriate utilization of NH4HCO3 as precipitant and freeze drying as
drying method produced Al2O3/ZrO2 composites with particle size in the range of
30–60 nm.
Wang et al. [57] compared the properties of Al2O3/5vol.%YAG composites
synthesized by three different routes like co-precipitation, precipitation of Al(OH)3
in a slurry containing YAG particles and traditional milling of Al2O3 and YAG
powders. Full density of all the materials was achieved after their hot pressing in the
temperature range 1500–1650 °C. The former two methods produced composites
having homogeneous distribution of YAG grains in the matrix. The co-precipitated
composites demonstrated highest mechanical properties whereas, the mixed material showed the lowest values.
Amighian et al. [81] carried out the synthesis of MnFe2O4 using co-precipitation
technique where, precipitation of aqueous solution of FeSO4.7H2O and MnSO4.
H2O using NaOH solution. Similarly, Mn(1-x)ZnxFe2O4 (where x= 0, 0.1, 0.3, 0.5,
0.6, 0.7, 0.9) mixed ferrites nano composites were developed by Iyer et al. [82]
using co-precipitation method by doping Zn2+ ion impurities. The synthesized
nanocomposite have particle size less than 12 nm. Mn0.5Zn0.5Fe2O4 ferrite
nanocomposites having tunable Curie temperature and saturation magnetization
were developed by Rucha et al. [83] using hydrothermal co-precipitation method.
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Sam and Nesaraj [84] compared the properties of MnFe2O4 crystalline
nanoceramics synthesized using two different techniques as low temperature
combustion technique using urea, glycine, and glucose as fuels and by
chemical-precipitation route. The combustion synthesis of MnFe2O4 composites
involved the combustion of saturated aqueous solution of corresponding nitrates
and urea, (NH2–CO–NH2)/glycine (NH2–CH2COOH)/glucose (C6H12O6) fuel. The
stoichiometric amounts of precursor nitrates solution were kept in a silica crucible.
After that, a known amount of fuel (urea/glycine/glucose) was added to nitrates
solution and the solution was continuously stirred and homogenized well. The
resulted solution was then kept into a muffle furnace having 550 °C temperatures.
The solution boiled, ignited, and caught ﬁre at 1100 ± 100 °C). This was resulted
into the decomposition of metal into metal oxides and oxides of nitrogen. These
oxides of nitrogen supported further solution combustion that formed a voluminous,
foamy residue within minutes. The resultant residual foam was ﬁnally grounded
into ﬁne powders. The co-precipitation synthesis of MnFe2O4 composites involved
the formation of known concentrations of MnSO4, FeSO4 and sodium hydroxide
solutions. After that, dropwise addition of MnSO4 solution into alkali solution was
carried out. FeSO4 solution was then added to the above mixture instantaneously
with continuous stirring at room temperature for 1 h. The obtained green colored
precipitate was ﬁltered, washed with deionized water and ethanol for 5–10 times
and ﬁnally dried at 50–100 °C in an air oven for 24 h. Effect of calcination temperature was studied at 300, 500, 600, and 800 °C for 2 h. The oxygen deﬁcient
MnFe2O4 was found to form at high-temperature calcination. The results demonstrated that the MnFe2O4 composites prepared with co-precipitation method has
superior particulate properties with particles in nanosize range as compared to
combustion method.

3.2.6.3

Spray Decomposition

Ceramic materials having a wide variety of particle morphologies, sizes, and
compositions can be easily prepared using versatile spray decomposition or
pyrolysis technique. The technique involves the flow of a carrier gas through an
aerosol generator (ultrasonic atomizer, spray gun, nebulizer, etc.). An aerosol of the
selected precursor solution is generated in the aerosol generator, which is then
passed into the furnace. First, the precursor aerosol is formed, then solvent evaporation and solute precipitation occurs and ﬁnally the solute is thermally decomposed to yield the ceramic composites.
The beneﬁcial properties of the aqueous solutions like low cost, safety, and easy
accessibility of a number of water-soluble salts makes them suitable solvents for
this technique. The method has the advantages of producing high purity and highly
homogenous nanosized particles.
However, the process is associated with the disadvantages of requirement of
huge quantity of solvents and intricacy in scaling up the manufacturing process.
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Further, the utilization of large quantity of non-aqueous solvents adds to the production cost and proper disposal of the solvent is needed.
Precisely controlled stoichiometries and little agglomerated Al2O3/ZrO2 composites have been synthesized using this method [71]. However, the synthesized
Al2O3/ZrO2 composites have poor morphology having porous or doughnut-shaped
particles.

3.2.6.4

Solution Combustion

This method involves the formation of gel and then consequently combustion of
aqueous metal salt (usually nitrates) solutions with some organic fuel is carried out
as a result of an exothermic reaction between nitrate ions and the organic fuel. The
disintegration of the precursor gel occurs by the large quantity of gases generated
during the course of reaction that resulted into a nanocrystalline powder after heat
treatment.
Bhaduri et al. utilized metal-nitrate as the oxidizer and urea as the fuel in this
method in order to produce nanocrystalline Al2O3/ZrO2 composite. The synthesized
a-Al2O3 showed an average particle size of 40 nm, the tetragonal zirconia particles
were found to be <40 nm in size. The resultant composites were further densiﬁed at
1200 °C using hot isostatic pressing having particle size less than 100 nm [85].
In a study, reduction in grain size of Al2O3/ZrO2 composites was observed if the
composites were prepared by microwave heating in the solution combustion process as compared to the conventional techniques. Further production of smaller size
particles (<20 nm), having narrower size distribution and highly homogenous
dispersion of ZrO2 particles in Al2O3 matrix was achieved by microwave-assisted
synthesis [86].
Similarly, Al2O3/ZrO2/MgAl2O4 nanocomposites have also been synthesized by
this route [87], due to the production of ultraﬁne oxide nanocomposites. This is an
efﬁcient method because of its simple equipment requirements, fast operation,
cost-effectiveness, and low energy requirements. All the nitrate salts of aluminum,
magnesium zirconium were dissolved in water and then urea was mixed into it.
After that, the combustion of the sample was done on hot plate at 300 °C. Finally,
calcination was carried out at 1200 °C. The method can be efﬁciently utilized for
developing high purity nanocomposites having desired tetragonal zirconia content.

3.2.6.5

Surface Modiﬁcation Methods

Although, traditional precursor mixing is an easy method for producing composites,
yet the ﬁnal microstructure of the composites has been found to be inhomogeneous.
Alternatively, improvements in controlling the microstructure of the composites can
be achieved using the chemical routes but the method is very complex to handle.
Therefore, recent advancement in some novel procedures which involve the
surface modiﬁcation of a commercial material with the second-phase precursors has
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been noticed. The precursor surface modiﬁcation methods presents a midway
between the powder mixing and the chemical mixing routes. It allowed a better
control of the ﬁnal microstructure in the synthesized composites. Since, efﬁcient
mixing of the ceramic nanoparticles matrix with metal ions precursors is achieved at
atomic or nano level, it results into a ﬁne dispersion of these metal ions in the
ceramic composites. Whereas, in milling methods, the second phases are present in
the form of a solid precipitates that results into the less efﬁcient mixing.
Al2O3/ZrO2 composite were developed by coating commercially available
a-Al2O3 with zirconium alkoxide, in n-propanol media [45] where the hydrolysis of
zirconium alkoxide was achieved in a solution of water in n-propanol. During the
synthesis, the Al2O3/Zr-alkoxide suspension and the water n-propanol mixture
passed through a continuous flow reactor, where alkoxide got hydrolysed into
oxyhydroxide.
Similarly, Schehl et al. [46] carried out the grafting of metal-alkoxides of the
second phases on the surface of a commercially available Al2O3. During the
reaction, substitution of the metal alkoxide with the OH groups occurred on the
surface of the particles in an organic media. The resultant mixture was then dried
during magnetic stirring at 70 °C and then ﬁnally thermal treatment resulted into a
composite material [46].
The above method was further successfully utilized for the synthesis of Al2O3based composites, having YAG, ZrO2, and mullite as second phases. The resultant
composites demonstrated ultraﬁne and homogeneous microstructure having
well-dispersed second-phase nanoparticles in the Al2O3 matrix. Further, the
mechanical properties of Al2O3/ZrO2 composites synthesized using two different
routes viz. colloidal route and classical mechanical mixing method were evaluated
[46, 48] where, the composite developed by colloidal route showed higher stability
of tetragonal zirconia particles against hydrothermal aging due to ﬁner
microstructure of the resultant composite.
In addition to the process studied by Schehl et al. [46] that utilizes organic
precursors, various inorganic salts have also been utilized for the surface coating of
commercial Al2O3 particles in order to encourage the crystallization of second
phases after calcination treatment. For instance, Yuan et al. [49] supplemented
cerium and aluminum nitrates with the isopropanol solution of ZrO2 nanoparticles,
to synthesize ceria-stabilized ZrO2/2 wt% Al2O3 composites. For that, the resultant
suspension was mixed for 48 h and subsequently water and alcohol content in the
media were evaporated using a rotavapor at 95 °C. Finally, the obtained dried mass
was calcined in air at 800 °C for 1 h that resulted in the production of Al2O3-doped
CeO2-coated ZrO2 nanocomposite.
Further modiﬁcation in the area of the surface modiﬁcation route of commercial
powders has led to the development of an alternative method [44, 50] that shows
some advances as comparison to the earlier techniques. First, the technique
involved the utilization of only inorganic precursors and aqueous media thus
making it much simpler and potential technique for a pre-industrial scale application. Second, the mixture drying is achieved using a “flash” drying, such as
atomization, where the liquid medium is directly transformed into ﬁne droplets and
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then immediately evaporated which avoid the segregation of the metallic dopants
that usually occur during drying in an oven.
This modiﬁed method was efﬁciently applied to Al2O3-based bi- and tri-phasic
composites [41] and to the ZrO2-based composites having complex compositions
and microstructures. More particularly, the method was utilized for Zr1-xCexO2/
8vol.%Al2O3/8vol.%SrAl12O19 (with x ranging between 10 and 11.5) composites,
producing rounded and elongated a-Al2O3 and SrAl12O19 particles, respectively
[39].
Al(NO3)39H2O and Sr(NO3)2 were utilized as synthetic precursors for second
phases where, different contents of ceria in the zirconia lattice were achieved using
ammonium cerium (IV) nitrate, (NH4)2[Ce(NO3)6] as ceria precursor. The aqueous
solution of nitrates was dropwise added to the suspension of zirconia and then
mixing was done for 2 h. After that, the resultant solution was spray dried and
pre-treated at 600 °C for 1 h, to decompose other byproducts. Finally, the dried
content was thermally treated at 1150 °C for 30 min to attain the crystallization
temperature of the second phases. Therefore the method successfully utilized to
obtain the desired composition and complex microstructures in the sintered composite [39].

3.2.6.6

Industrial Production of Ceramic Composite Powders

The above-illustrated examples were studied only at laboratory scale. In actual
practice, the major industrial ceramic powders suppliers still largely produce only
mono-phase oxide or non-oxide composites. Other complex compositions or
multiphasic composites are speciﬁcally delivered on demand. However, there are
suppliers like Tosoh Corporation (Tokyo, Japan), which offers an ATZ grade
powder, having a combination of 80 wt% ZrO2 (stabilized by 3 mol% Y2O3)/20 wt
% Al2O3, synthesized using hydrolysis method [88]. Similarly, Goodfellow
Cambridge Ltd. (Huntingdon, England) also supplies composite powders like
Al2O3-toughened ZrO2 and ZrO2-toughened Al2O3 [89]. In this regard, another
suppliers, i.e., Phelly Materials Inc. (Upper Saddle River, New Jersey, USA)
supplies various mixtures of oxide composites granules, like TiO2/Nb2O5, Al2O3/
ZrO2, and Al2O3/TiO2 [90]. These observations imply that still there is a requirement of development and industrialization of various laboratory scale advanced
synthesis methods for composite synthesis.
Such advancement will permit the production of high-quality nanocomposite at
commercial level.
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Summary

There are various methods for the synthesis of ceramic composites. However, still
there is a challenge in getting ﬁne distribution of second-phase particles in a
ceramic matrix, mainly when nanocrystalline particle are utilized. Additionally,
agglomeration of nanoparticles usually occurs because of their extremely high
speciﬁc surface.
Despite all these facts, traditional mixing and milling method are still used to
produce nanocomposite ceramic powders, which have the limitations of narrow
ultraﬁne particles distribution in the composite matrix. For these reasons, further
advanced methods, such as vapor-phase reaction synthesis, combustion synthesis,
wet-chemical methods, spray decomposition, and the solution combustion methods
have been utilized to directly produce nanocomposites. A lot of composites have
been synthesized using these synthesis routes in the literature only at laboratory
scale. Therefore, such processes need to be scaled up at industrial level. A present
day technology presents ceramic particles’ surface modiﬁcation with inorganic
components of the second phases. This synthesis route is a way between the powder
mixing route and the chemical mixing route that efﬁciently controlled the ﬁnal
microstructure of the composite. The method requires the utilization of only inorganic precursors and aqueous media, making it a simple and efﬁcient technique to
be transferred at industrial scale for nanocomposite production.

3.4

Future Scenario

Ceramic materials are widely utilized in rapidly growing and progressive industrial
sectors, for instance aerospace, biomedicine, and photovoltaics. Such kinds of
industries are continuously making efforts in the performance enhancement of their
materials for more sophisticated applications and advancement of principal technologies. As a result, manufacturing of ceramic materials must be done to increase
their stringent speciﬁcations. For that, future research is required to widen their
applications and to remove the existing limitations in the area of ceramic
development.
Innovative and modern day production technologies facilitate the designing of
nanostructure to in ceramic powders which sequentially allow the manufacturing of
advanced ceramic coatings constituents. These types of coatings show improved
hardness, fracture toughness, thermal and corrosion resistance, and enhanced
biocompatibility.
In future, these nanostructured ceramics will possibly play an important role in
various functionally gradient coatings, wear resistant and ballistic resistant structures and in polymer ceramic and ceramic metal nanocomposites.
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Chapter 4

Structure, Stabilities, and Electronic
Properties of Smart Ceramic Composites
Yoshitaka Fujimoto

Abstract Since the discovery of graphene sheet, researches on atomic-layered
materials have been growing as new and active research ﬁelds in nanoscience and
nanotechnology. Hexagonal boron-nitride (h-BN) monolayers have also received
much interest due to the superior structural and mechanical properties similar to
graphene. This chapter reviews the ﬁrst-principles density functional study that
reveals the strain-induced effects on atomic conﬁgurations and electronic properties
of h-BN monolayers. The dispersion of the energy bands and the band gaps are
examined under biaxial strains, and the band gaps are shown to be controllable by
applying strains. The ionization energies and work functions for acceptor and donor
states are also examined and they are shown to be tunable. The scanning tunneling
microscopy (STM) images of carbon-doped h-BN monolayer are demonstrated for
identiﬁcations of carbon impurities and the possibility to observe the carbon defects
is exhibited. The relationship between the energy band structures and the applied
strains is also shown to discuss the unique behaviors of the band gaps and the
ionization energies induced by biaxial strains.

4.1

Introduction

Since successful exfoliation of mono-atomic graphene sheet, two-dimensional atomic
monolayers have received much interest from the viewpoints of fundamental
nanoscience and applicable nanoelectronics [1]. Graphene possesses huge carrier
mobility, and therefore it is expected to be a good candidate for nanoelectronics device
materials such as conduction channel materials used in ﬁeld-effect transistors [2]. It
has been reported, however, that graphene-based materials might provide unreliable
control of electronic properties because graphene has no band gap [3]. Hexagonal
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boron-nitride (h-BN) monolayer, which is composed of a two-dimensional material
with a honeycomb lattice, shows unique and excellent structural and mechanical
properties similar to graphene [4–7]. On the other hand, graphene and h-BN monolayer possess different electronic properties: graphene has no band gap, while h-BN
monolayer has a large band gap [6, 8]. This wide band gap nature of the h-BN
monolayer is expected to provide the new properties as well as the relevant novel
device materials for future nanoelectronics and/or opto-electronics applications
[8, 11–16].
The strain engineering is one of the effective ways to tune the electronic properties of nanomaterials [17–25]. For example, the transport and optical properties of
germanium crystals can be tuned to enhance device performance through the
introduction of strain [24, 25]. As another example, strains can change the electronic properties of carbon-based materials from metallic to semiconducting
properties [17, 18]. The Fermi velocity of graphene can be also changed, depending
on the directions of the uniaxial strains [21] and the band gaps are tunable by
applying strains [22, 23].
Doping substitutionally with heteroatoms is another effective way to modify
electronic structures of nanomaterials. Boron, carbon, and nitrogen elements show
similar structural properties and substitutional doping with B and N atoms into
carbon-based materials such as graphene and carbon nanotubes have been investigated extensively [26–33]. Substitutional doping with carbon atom into h-BN
monolayers and BN nanotubes has been also carried out by using electron-beam
irradiation [34–36], and it is reported that the electronic properties of such BN
nanostructures have changed from electrical insulating into conductive properties
[36].
This chapter provides a review of our ﬁrst-principles density functional study
that clariﬁes the biaxial strain effects on the electronic properties of h-BN monolayers [19, 37]. The chapter consists of two main parts. In the former part, we
examine the strain effects on the electronic properties of pristine h-BN monolayer.
We calculate the energy band structure and the band gap width when biaxial strains
are applied. We ﬁnd that the band gap diminishes as the tensile strain increases,
while the band gap increases and then it decreases as the compressive strain
increases. We also discuss the unique behavior of the band gap in terms of the
energy band structures under the biaxial strains. In the latter part, we examine the
strain effects on the electronic properties of carbon defects in h-BN monolayers. We
show that the donor and acceptor states appear below the conduction band minimum (CBM) and above the valence band maximum (VBM) when boron and
nitrogen atoms are replaced with carbon atoms, respectively. We also show that the
ionization energies of the donor and acceptor states can be controlled under applied
tensile as well as compressive strains. Furthermore, the conduction channel properties can be changed for donor states by applying strains. We also ﬁnd that work
functions of h-BN monolayers doped with C atom at the B and N sites increase and
decrease as tensile and compressive strains increase and decrease, respectively. The
scanning tunneling microscopy (STM) images are calculated and the STM image of
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h-BN monolayer substituted with the C atom at the N site is shown to be considerably different from that at the B site.

4.2

Theoretical Methodology

4.2.1

First-Principles Total Energy Calculation

A quantum theoretical approach is a crucial method to describe the properties of the
real materials at microscopic levels since behaviors of atoms as well as electrons
consisting of the materials are governed by quantum mechanics. The most difﬁcult
problem in dealing with realistic materials is to obtain the solutions of the
many-electron Schrӧdinger equation dealing with large systems composed of a lot
of atoms. In 1964, the underlying theorem for obtaining the ground states of
many-electron systems—density functional theory—has been proposed by
Hohenberg and Kohn [38]. In this theory, the ground-state energy of the system
corresponds to the minimum value of the total energy functional. Therefore, the
stable atomic structures can be determined by moving atoms under calculated forces
acting on each atom.
Supposing that nðrÞ is a single electron density, the total energy of the ground
state for the interacting electron system is given by
Z
E½n ¼

vext ðrÞnðrÞ þ Ts ½n þ

1
2

ZZ

nðrÞnðr0 Þ
drdr0 þ Exc ½n:
j r  r0 j

ð4:1Þ

Instead of using the many-electron wavefunction, the ground-state total energy is
written in a form of a functional of nðrÞ. Here, vext is the potential from nuclei, and
Ts[n] and Exc[n] are the kinetic energy and the exchange-correlation energy,
respectively. The Kohn–Sham equation is obtained by minimizing the above total
energy for the single-electron density [39]:



1 2
 r þ veff ðrÞ wi ðrÞ ¼ ei wi ðrÞ;
2

ð4:2Þ

where
Z
veff ðrÞ ¼ vext ðrÞ þ

nðr0 Þ 0 dExc ½n
dr þ
dnðrÞ
jr  r0 j

with nðrÞ ¼

X

jwðrÞj2 :

ð4:3Þ

i

We here use the atomic units jej ¼ m ¼ h=2p ¼ 1, where e, m, and h are the
electron charge, electron mass, and Plank’s constant, respectively. For the
exchange-correlation energy Exc, the local density approximation (LDA) [40, 41]
and the generalized gradient approximation (GGA) [42] are typically used.
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Formation Energy

To discuss energetics of substitutional doping with C atom, we deﬁne the formation
energy
Ef ¼ Etot  Epri  lC þ lBorN ;

ð4:4Þ

where Etot and Epri are the total energies of the C-doped and the pristine h-BN
monolayers, respectively, and µC, µB, and µN are the chemical potentials of C, B,
and N atoms in graphene, a-boron crystal, and N2 molecule as reference systems,
respectively.

4.2.3

Scanning Tunneling Microscopy Images

The STM images of C-doped h-BN monolayers are calculated based on the Tersoff–
Hamann approximation [43]. In this approach, the tunneling current I(r) is assumed
to be proportional to the local density of states q(r, E) (LDOS) of the surface at the
tip position integrated over an energy range restricted by the applied bias voltage V,
where r is a three-dimensional coordinate [43–46]. Therefore, the STM images can
be generated from the isosurface of the spatial distribution of q(r, E) obtained by
using several sampling k points of the Brillouin zone in the following way:
IðrÞ 

EF þ
Z eV

qðr; eÞde;

ð4:5Þ

EF

where EF denotes the Fermi energy. The negative and positive voltages reflect the
occupied and unoccupied electronic states, respectively.

4.2.4

Computational Settings

The ﬁrst-principles electronic-structure calculations have been performed within the
density functional theory. The interactions between the ions and the valence electrons are described by the norm-conserving Troullier–Martins pseudopotentials
[47], and exchange-correlation effects are treated using the LDA parameterized by
Perdew and Zunger [40, 41]. We use a 4  4 supercell in the direction parallel to
the h-BN sheet in the case of the C-doped case. The length of the supercell along
the direction perpendicular to the h-BN monolayer is set to be 20 Å. The wave
functions are expanded in a plane-wave basis and the kinetic energy cutoff is taken
to be 60 Ry [48]. The atomic positions are optimized until the Hellmann–Feynman
force acting on each atom becomes less than 0.05 eV/Å. Two-dimensional
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Brillouin-zone integration is performed with 16  16  1 and 6  6  1 k point
samplings for pristine and C-doped h-BN monolayers, respectively.

4.3
4.3.1

Pristine h-BN Monolayer
Geometry and Energy Band Structure

We begin with studying the atomic structure and electronic energy bands of the
unstrained h-BN monolayer before giving discussions of the strain effects on the
electronic properties of the h-BN monolayer. In Fig. 4.1, we show the optimized
atomic structure of the h-BN monolayer. There are one B atom and one N atom in
the unit cell of the h-BN monolayer. Our calculated B–N bond length is 1.43 Å,
which agrees with the experimental value of 1.44 Å [6].
We also show in Fig. 4.2 the energy band structure of the h-BN monolayer. It
can be seen that the VBM as well as the CBM is located at the K point, and
therefore we ﬁnd that the h-BN monolayer is a wide gap semiconductor with a
direct band gap of 4.6 eV in previous calculations [19, 50, 51]. It should be noticed
that the h-BN bulk is also a semiconductor with a band gap value of 4.0 eV in other
LDA calculation, but it possesses an indirect band gap [49, 50].

4.3.2

Strain Effects and Electronic Properties

We study the electronic structures of the h-BN monolayer under applying biaxial
strains. Figure 4.3 shows the band gap values as a function of the biaxially applied
strain e. Here, strain e is deﬁned as (l − l0)/l0, where l and l0 are lattice constants of
Fig. 4.1 Schematic view of
h-BN monoalyer. The dotted
lines denote the unit cell
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Fig. 4.2 Electronic band
structure of the unstrained
h-BN monoalyer around the
fundamental band gap. The
vacuum level is set to be zero.
Data taken from [22]

biaxially strained and unstrained h-BN monolayers, respectively. Under applying
the tensile strains, the band gap diminishes as the strains increase. On the other
hand, the band gap increases with increasing the compressive strain, and takes the
maximum value of about 4.8 eV at e = −2%. Then, the band gap decreases with
increasing the compressive strain. Thus, the variation of the band gap values
exhibits different behaviors between the region of the compressive strain and the
tensile strain. Especially, it is interesting that the band gap diminishes when further
compressive strains with more than a magnitude of 2% are applied.
Let us here consider in detail this unusual behavior of the band gap under
applied strains. We examine the energy gaps between the VBM and the CBM at the
K point (K–K gap) and between the VBM at the K point and the CBM at the C
point (K–C gap). Figure 4.4 shows the K–K and K–C energy gaps as a function of
applied strain. The K–K energy gap decreases as the strain increases, whereas the
K–C energy gap increases as the strain increases. Thus, we can ﬁnd that the K–K
gap line and the K–C gap line intersect each other at around e = −2% and thereby
the band gap takes the maximum value of 4.8 eV around e = −2%.
Fig. 4.3 Band gap as a
function of biaxial strain. Data
taken from [22]
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Fig. 4.4 Energy gap values as a function of biaxial strain. Data taken from [22]

We also examine the electronic band structures of compressively strained and
tensile strained h-BN monolayers. Figure 4.5a, b show the energy band structures
of 5% compressively and 5% tensile strained h-BN monolayers, respectively.
The VBM is located at the K point and moves upward to the vacuum level by
*0.2 eV, compared with that of the energy band of the unstrained h-BN monolayer
when the 5% compressive strain is applied. On the other hand, when the 5% tensile
strain is applied, the VBM positioned at the K point moves away from the vacuum
level. In sharp contrast to the behavior of the VBM, the CBMs (conduction band
minima) located at the K point and the C point exhibit unique behavior: The lowest

Fig. 4.5 Electronic band structures of the a 5% compressively strained and b 5% tensile strained
h-BN monoalyers around the fundamental band gap. The vacuum level is set to be zero. Data taken
from [22]
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CBM is located at the K point under the 5% tensile strain, while the lowest CBM is
located at the C point under the 5% compressive strain. Interestingly, the CBM at
the C point is almost unchanged without depending on the magnitude of the
compressive as well as the tensile strain, whereas the CBM at the K point considerably approaches to and moves away from the vacuum level with depending on
the directions of the applied strains. The character of the electron state of the CBM
at the K point is qualitatively different from that at the Г point: The electron state at
the K point consists of p* state, whereas that at the Г point is composed of a free
electron-like state. Thus, the characters of the electron states of the CBMs at the K
and the Г points determine the behaviors of the K–K and the K–Г gap lines under
applying the strains, respectively.

4.4
4.4.1

Carbon-Doped h-BN Monolayer
Atomic Structure and Energetics

We here examine the atomic conﬁgurations of C-doped h-BN monolayers. The
calculated B–C bond and C–N bond lengths in the C-doped h-BN monolayers at the
N site and the B site are found to be 1.48 and 1.38 Å, respectively, and those are
longer and shorter than the B–N bond length of 1.43 Å in the pristine h-BN
monolayer [37, 50, 51]. These structural behaviors are in agreement with other
results. In addition, the calculated B–C bond and C–N bond lengths in the C-doped
h-BN monolayers at the N site and the B site take similar values to those in the
B-doped and N-doped graphenes of 1.47 and 1.40 Å, respectively [33, 37, 52].
To discuss stabilities regarding substitutional doping with C atom into h-BN
monolayer, the formation energy is calculated based on deﬁnition of Eq. (4.4). The
calculated formation energies for substitutional doping with C atom at B site and N
site are found to be 4.26 and 5.19 eV, respectively. Therefore, it is found that the
substitutional doping with C atom at B site is favored energetically rather than that
at N site. It has been reported that carbon atoms decomposed by hydrocarbon
molecules are mostly introduced into damaged sites by electron-beam irradiation
and the vacancies are introduced at the positions of boron atoms. Thereby, it is
surmised that the substitution of carbon atoms takes place at the boron-vacancies
dominated by the knock-on electron damages. Thus, it is expected that the results of
the calculated formation energy should support the experimental observation.

4.4.2

Ionization Energy

The acceptor and donor states are induced above the VBM and below the CBM
when the N and B atoms are replaced with the C atoms, respectively, and those
states are found to be relatively deep (see Fig. 4.8). We show in Fig. 4.6 the relative
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ionization energies (DIE) for acceptor and donor states as a function of biaxial
strains. Here, zero is set to the ionization energy of the unstrained C-doped h-BN
monolayer at the B site and its value is 0.935 eV. It is noted that the ionization
energies for the acceptors and the donors are not calculated from the total energies
but given as the energy differences between the acceptor state and the VBM and
between the donor state and the CBM, respectively. One ﬁnds that the ionization
energy for the acceptor state monotonically decreases with increasing the tensile
strain and it monotonically increases with increasing the compressive strain. In the
case of the donor states, the ionization energy also decreases with increasing the
tensile strain. In the region of the compressive strain, on the other hand, the ionization energy for the donor state also increases as the compressive strain increases,
but it rapidly diminishes when h-BN monolayer is under the compressive strain of
e < * −1%, being different from the case of the acceptor state. Thus, it is interesting that the ionization energies for the acceptor and the donor states exhibit
different behaviors, especially in the compressive region: The ionization energy
increases for the acceptor state, whereas it rapidly decreases for the donor state with
increasing the compressive strain.
It has been reported that the h-BN monolayer sheet as well as the graphene sheet
possess superior elastic properties [53, 54]. We here consider how the ionization
energies can decrease when the h-BN monolayer sheet is under tensile strains. In
the region of the tensile strains, one ﬁnds that the ionization energies for the
acceptor as well as the donor states diminish monotonically, as already discussed
above (see Fig. 4.6). Therefore, the ionization energies for acceptor and donor
states can be calculated as a + b e by ﬁtting the ionization energy curves in
Fig. 4.6, where a and b are ﬁtting parameters and e denotes a strain deﬁned above.
It is reported that the h-BN monolayer sheet is deformed when it is stretched up to
*17.6% from ﬁrst-principles calculations based on the density functional perturbation theory [54]. Therefore, we ﬁnd that the ionization energies can decrease to
0.74 and 0.66 eV for acceptor and donor states, respectively, when applied tensile
strain reaches 17.6%.
Fig. 4.6 Relative ionization
energy (DIE) for the acceptor
state and the donor state as a
function of applied strain. The
zero energy is set to the
ionization energy of the
unstrained h-BN monolayer
doped with the C atom at the
B site. Data taken from [37]
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Fig. 4.7 Energy differences between the donor state and the conduction band minima at the K
point (DEK) and the C point (DEC) as a function of applied strain. The zero energy is set to the
energy difference between the donor state and the CBM at the K point of the unstrained h-BN
monolayer doped with the C atom at the B site. Data taken from [37]

We further consider the unique behavior of ionization energies for the donor state
under the applied strain above discussed. Figure 4.7 shows the energy differences
between the donor-state level and the CBMs at the K (DEk) and the Г (DEГ) points.
Here, zero is set to the energy difference between the donor-state level and the CBM
at the K point and it is the same as the ionization energy of the unstrained h-BN
monolayer doped with the C atom at the B site, 0.935 eV. The value of the energy
gap at the K point (DEk) diminishes with increasing tensile strains and it increases
with increasing the compressive strain. The energy gap value at the Г point (DEГ)
rapidly diminishes as compressive strains increase. It is interesting that the energy
gap value at the Г point (DEГ) remains almost unchanged in the region of the tensile
strains. We thus ﬁnd that the position of the CBM changes from the K point to the Г
point when the compressive strain with more than 1% is applied and therefore the
ionization energy for the donor states decreases with increasing the compressive
strain in the region of the compression with more than 1%.

4.4.3

Energy Band Structure

To discuss the behavior of the ionization energy in detail, we analyze the shifts of
the impurity-induced states as well as the VBM and CBM states. Figure 4.8 shows
energy band structures of C-doped h-BN sheet with biaxially applied strains. It can
be seen that the impurity level is induced above the VBM when the N atom is
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Fig. 4.8 Energy band structures of C-doped h-BN monolayer under applied strains, where a the N
atom and b the B atom are replaced by the C atom. The vacuum level is set to zero. The Fermi
energy (EF) is represented by the broken line. Reproduced with permission from [37], copyright
2016 the American Physical Society

replaced with the C atom and it would behave as an acceptor (Fig. 4.8a). The
acceptor states move upward to the vacuum level by applying compressive strains,
and they move downward under tensile strains. The VBMs also shift upward and
downward to the vacuum level when the compressive and tensile strains are
applied, respectively. On the other hand, the substitution of the B atom with C atom
induces the donor state below the CBM (Fig. 4.8b). The CBM moves away from
the vacuum level when the tensile strains are applied, while the CBM at the Г point
remains unchanged in the region of the compressive region with more than *1%.
The donor states shift upward to the vacuum level when compressive strains are
applied, and they shift downward when tensile strains are applied as in the case of
the acceptor states. Thus, the acceptor and donor states as well as the VBM and
CBM states are tunable by applying strains.
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Work Function

We examine work function (W) of the C-doped h-BN monolayers calculated by
W ¼ V1  EF ;

ð4:6Þ

where V1 is vacuum level and EF is the Fermi energy. In Fig. 4.9, we show the
relative work function (DW) of h-BN monolayers with the C-defects doped at the N
and B sites. Here, the zero is set to the work function of the unstrained C-doped hBN monolayer at the B site and the N site, and their values are 2.31 and 5.38 eV,
respectively. The work functions of h-BN monolayers doped with C atoms at the N
site as well as the B site decrease and increase under the compressive and tensile
strains, respectively. On the other hand, the value themselves of the work functions
of the h-BN monolayer doped with the C atom at the B site are considerably smaller
by *3 eV than those doped at the N atom. It is reported that the work function of
graphene also shows similar behavior to that of the h-BN monolayer: the work
function of graphene increases with increasing the tensile strain [21]. The work
function of the pristine graphene is *4.5 eV, and it decreases to *4 eV and
increases to *5 eV when graphene is doped with N atom and B atom, respectively
[52, 55–57]. Therefore, it is expected that h-BN monolayer is more useful as
electron emission resources than graphene. It is noted that the behavior of the work
function by applying strains might depend on p and r orbital natures as well as on
the dimensionality of materials. In other two-dimensional atomic-layered materials,
work function might show different behaviors and unique properties induced by the
strains could emerge due to the differences in the interplay between p and r orbitals
as well as in the behaviors of the band width and the energy splitting between
bonding and anti-bonding states. This kind of study on other 2D atomic-layered
materials should be also interesting.

Fig. 4.9 Relative work
function (DW) of h-BN
monolayers with the C atom
doped at the B site and the N
site. The zero energy is set to
the work functions of the
unstrained h-BN monolayer
doped with the C atom at the
B site and the N site. Data
taken from [37]
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Fig. 4.10 Isosurfaces of electron density of the C-defect state of the C-doped h-BN monolayer at
the C point, where the C atom is doped at a the N site and b the B site. The isosurface value of the
electron density is set to 0.03 electron/Å3. The dotted lines denote the supercell. Reproduced with
permission from [37], copyright 2016 the American Physical Society

4.4.5

Electronic State

We show isosurfaces of the electron density of the impurity states of the unstrained
h-BN monolayers doped at the N site and the B site at the Г point in Fig. 4.10a, b,
respectively. One can ﬁnd that there are considerable differences between the
acceptor and the donor states in the spatial distributions of the electron density; the
acceptor state possesses the distributions of the triangular shaped electron density,
whereas the distribution of the electron density of the donor state appears as
individual four spots on the C atom and three neighboring N atoms. These differences in the electron density would lead to the distinctive STM images as will be
discussed later. In addition, it is reported that there are similar spatial distributions
of the electronic densities in the acceptor and the donor states for B-doped and
N-doped monolayer as well as bilayer graphenes in the theoretical predictions [33,
57] and they are also observed experimentally in the case of doped monolayer
graphenes [30, 32].
The electronic states at the VBM and the CBM should substantially determine
the conduction properties of holes and electrons, respectively, and thereby it is of
great importance to know the characters of the electronic states at the VBM and the
CBM. We here examine the electronic states at the VBM and the CBM.
Figure 4.11a, b show the isosurfaces of the electronic states of the VBM at the K
point of the unstrained C-doped h-BN monolayer at the N site and of the CBM at K
point of that at the B site, respectively. In the case of the h-BN monolayer doped at
the N site where the acceptor state is induced, the VBM is located at the K point and
its electronic state consists of p-orbital state (Fig. 4.11a). In the case of the h-BN
monolayer doped at the B site where the donor state appears, the CBM is also
located at the K point without strains as well as under tensile strains as in the case of
acceptor states and its electronic state is composed of p* state (Fig. 4.11b). As
already discussed, the position of the CBM changes from the K point into the Г
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Fig. 4.11 Isosurfaces of electron density of a the VBM and b the CBM states at the K point of the
C-doped h-BN monolayer at the N site and the B site, respectively. The isosurface value of the
electron density is set to 0.005 electron/Å3. The dotted lines denote the supercell. Reproduced with
permission from [37], copyright 2016 the American Physical Society

Fig. 4.12 Contour plot of
electron density at the CBM
of the C point under 5%
compressive strain. The
electron density of C-doped
h-BN monolayer replaced at
the B site is plotted. Data
taken from [37]

point when the compressive strain is applied to the h-BN monolayer. The CBM of
the Г point is composed of the parabolic band and its electronic state would behave
as a free electron, which is known as nearly-free-electron state (NFE) [10]. In
Fig. 4.12, we show the contour plot of the NFE state at the CBM of the Г point
when 5% compressive strain is applied. One ﬁnds that the spatial distributions of
the electron densities are extended to vacuum region but bound at more than
approximately 2 Å above the h-BN monolayer sheet. Therefore, the NFE state
would act as unique electron transport channels because it might be free from
scatterers in the h-BN monolayer.

4.4.6

Scanning Tunneling Microscopy Image

STM measurement is a powerful method to observe the local electronic structures
around defects such as atomic vacancies and chemical impurities in atomic level.
Figure 4.13 shows the STM images near carbon defects in h-BN monolayer sheet.
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Fig. 4.13 Simulated STM images of C-doped h-BN monolayers where the C atom is replaced at
a the N site and b, c the B site. The STM images are constructed at applied bias voltages of
a −1.0 eV, b +1.0 eV, and c +1.0 eV. The STM images of C-doped h-BN monolayers are
generated under (a, b) 0% strain and (c) 5% compressive strain. The dotted lines denote the
supercell. Data taken from [37]

In Fig. 4.13a, we show the STM image of the unstrained h-BN monolayer doped
with the C atom at the N atom at the bias voltage of −1.0 eV (valence band). There
exists a large bright triangular shaped area around the C-defect surrounded by six
bright spots above each N atom in the STM image. This is because the C-defect
related state possesses the spatial distributions of LDOS of the triangular shape as
shown in Fig. 4.10a. In addition to this defect state, the p states in the valence band
also contribute the STM images. On the other hand, the STM image of the C-doped
h-BN monolayer at the B site exhibits a sharp contrast to that at the N site.
Figure 4.13b also shows the STM image of the C-defect in unstrained h-BN
monolayer with the C substitution of the B atom at the bias voltage of +1.0 eV
(conduction band). Being different from the case of substitution of the N atom, the
STM image of C-doped h-BN monolayer at the N site has a small dark spot above
the C-defect surrounded by six bright spots above each B atom although the spatial
distributions of LDOS of the C-defect state are localized above the C atom as
shown in Fig. 4.10b. Except this C-defect state, the STM image mainly consists of
the p* states in the conduction bands. Accordingly, the STM image above the C
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atom has a small dark spot and the STM image above six B atoms possesses six
large bright spots. Figure 4.13c also shows the STM image of h-BN monolayer
with the C substitution of the B atom at the bias voltage of +1.0 eV (conduction
band), but where the h-BN monolayer is under 5% compressive strain. In comparison with the unstrained h-BN monolayers (Fig. 4.13b), the STM image overall
seems bright at the entire region because the STM image is mainly composed of the
NFE states near the CBM at the Г point (Fig. 4.8b) and the spatial distributions of
the electron densities of the NFE states are almost extended uniformly at the entire
region parallel to the h-BN monolayers (see Fig. 4.12). Thereby, we expect that the
NFE states are observable and electrons could be also injected into the NFE states
by STM experiments.

4.4.7

Total Charge Density

Figure 4.14a, b exhibit the total charge densities of the C-doped h-BN monolayers
doped at the N site and at the B site, respectively. It is found that there are low and
high electron densities around the B and N atoms, respectively. It is also found that
the electron densities at the C-defect site substituted at the N site are much higher
compared with those at the B atom site and those at the C-defect site substituted at
the B site are lower compared with those at the N atom site. It can be seen that the
electron densities of the C defect doped at the N site are somewhat higher than those
at the B site. It has been reported that the calculated total charge density plots can
reproduce well transmission electron microscopy (TEM) images [58]. Actually, it is
found that our calculated total charge density plots reflect the TEM images
observed experimentally, which emerges as bright and dark spots corresponding to
atomic species of boron, carbon, and nitrogen [34].

Fig. 4.14 Total charge densities of C-doped h-BN monolayers at a the N site and b the B site.
The dotted lines denote the supercell. Data taken from [37]
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Summary

Based on the ﬁrst-principles density functional calculations, the strain effects on the
atomic structures and the electronic properties of the pristine and the carbon-doped
h-BN monolayers have been reviewed. In the former part, we have examined
electronic properties of biaxially strained as well as unstrained pristine h-BN
monolayers. We have shown that the band gap monotonically decreases as the
tensile strain increases. We have also shown that the band gap takes the maximum
value in the region of the compressive strains. We have also revealed that the
unusual behavior of the band gap is attributed to the position of the CBM. Thus, the
band gaps of the h-BN monolayer are tunable by biaxially applying strains. In the
latter part, we have investigated electronic properties of carbon defects in h-BN
monolayers under applying compressive as well as tensile strains. We have shown
that the donor and acceptor states below the CBM and above the VBM appear when
the boron and nitrogen atoms are substituted with the carbon atom, respectively. We
have also shown that the ionization energies are tunable for the donor and acceptor
states by applying tensile and compressive strains. Furthermore, we have found that
the conduction channel properties for donor states can be changed dramatically by
applying strains. The work functions of h-BN monolayers doped with C atom at the
B and N sites can be controlled by applying compressive and tensile strains. We
have calculated the STM images of C-doped h-BN monolayers and have found that
the STM images should strongly reflect distinctive spatial distributions of local
density of states of carbon defects, which depends on the substitution sites, and
therefore the carbon defects in h-BN monolayers are observable by using STM
experiments.
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Chapter 5

Advancement of Glass-Ceramic Materials
for Photonic Applications
Alexander Quandt, Maurizio Ferrari and Giancarlo C. Righini

Abstract Glasses, even if often considered a simple, passive, material, constitute
an important piece of the photonic puzzle, where active and passive components
have to be integrated in order to realize advanced devices able to play with the light
at different scales, from the macro to micro and nano. A material group which is
known since more than 60 years but was becoming of real interest in photonics
only in the last decade is represented by glass-ceramics, namely materials containing one or more crystalline phases evenly distributed within the glass phase.
Here a brief overview is presented of the compositions and properties of several
glass-ceramics, especially in thin-ﬁlm format, which have been produced starting
with a sol–gel process and have exhibited characteristics which are signiﬁcant for
several photonic applications.

5.1

Introduction

Glasses have been long considered, and often still are, as a purely passive, insulating material, of common use in everyday life (as windows, furniture and art
objects, containers, bottles, cooking glassware, etc.), also necessary for lenses and
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optical instruments such microscopes and telescopes. In the last century, however,
researchers started to investigate the properties of novel families of glasses:
examples are electrically conductive glasses, such as those containing transition
metal oxides (e.g. vanadium pentoxide [1] or the now ubiquitous indium tin oxide
[2]) and semiconducting glasses, such as the chalcogenide ones based on As and Se
or the phosphate glasses based on oxides of Ti, V, Mn, Fe, Co, Ni, Cu, Mo and W
[3, 4]. In the area of optics, the study of functional glasses, often non-oxide glasses
or conventional silicate and phosphate glasses containing “exotic” oxides, was
growing as well and has led to the development of glasses for optical ampliﬁcation
and lasing, photosensitive and uv-writable glasses, mid-infrared transparent glasses
for communication and sensing [5–9]. In parallel, new or advanced fabrication
processes have been developed, and sol–gel techniques have attained a very
important role both for the synthesis of bulk glasses and for the deposition of glassy
thin ﬁlms [10–12].
With the growing interest for nanotechnologies and photonic sub-wavelength
structures [13], another class of materials attracting large attention has been that of
glass-ceramics, which may be produced by accurately controlling the partial
crystallization of a glass during its cooling phase after melting, that leads to the
growth of micro- and/or nanocrystals inside the otherwise amorphous matrix
[14–16].
More generally, glass-ceramics (GCs) may be deﬁned as glasses containing
nanometer to micron-sized crystals embedded in a glass matrix; they can therefore
be considered as a class of nanocomposite or nanostructured materials, namely
those materials whose structural elements (clusters, crystallites or molecules) have
dimensions in the 1–100 nm range [17, 18]. As the name clearly says, GCs have to
be considered an intermediate material between inorganic glasses and ceramics; a
GC material may be highly crystalline or have a substantial amorphous glass
matrix. GCs share many properties with both glasses and ceramics, offering low
defects, extra hardness, high thermal shock resistance (typical of ceramics) together
with the ease of fabrication and moulding, even in complex shapes (typical of
glasses); a “plus” property is that the embedded crystalline phase can enhance the
existing properties of the matrix glass or lead to entirely new properties.
The recent theoretical and experimental progresses allow us to design and
synthesize glass-ceramics with well-controlled physical and chemical characteristics, the most common fabrication processes remaining the conventional melting
and cooling and the sol–gel techniques; the latter ones are optimal for GC thin
ﬁlms.
Here we intend to provide a brief overview of this class of materials, focusing on
the transparent GCs that are showing greater and greater importance in a number of
photonic application areas, including light sources, light ampliﬁers, optical ﬁbres,
integrated waveguides, and solar cells.
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Transparent Glass-Ceramics and Their Application
to Integrated and Fibre Optics

Glass materials have played a major role in the development of optical guided-wave
devices, and still are of great relevance for current photonic devices and systems
[19]; among the various fabrication methods, sol–gel technology has provided,
since many years, a very efﬁcient tool to synthesize high-quality glasses and
glass-ceramics, both as ﬁbres and thin ﬁlms [20]. The aim of this section is to
present a short overview of the results achieved in the development of purely
passive glass-ceramic guiding structures, even if the relevance of GC waveguides
appears clear only in the case of rare-earth-doped materials, which ﬁnd application
as optical ampliﬁers and lasers or linear and nonlinear frequency converters: this
subject will be considered in the next section.
All guided-wave applications, however, require, ﬁrst of all, a very good transparency of the material, at least in the chosen operational wavelength band; it means
that the material must exhibit low optical scattering and low ionic/atomic absorption. The optical scattering in a nanocomposite material, such as a GC, may be
signiﬁcant, and thus the question if a GC may actually exhibit a very high transparency is not trivial; in 1998, in fact, a paper was published with the provocative
title “Are low-loss glass–ceramic optical waveguides possible?” [21]. Fortunately,
as Tick himself and other later authors proved, a low scattering level can be
achieved by satisfying either of two criteria: (a) all the crystalline phases and the
residual glass have closely matched indexes of refraction and the microcrystals
possess low birefringence; or (b) the crystal size is much smaller than the wavelength of light. The second case is the most frequent, but the condition is not
compulsory, due to the fact that other mechanisms exist to ensure the transparency,
based on the control of the refractive index difference between glass matrix and
crystalline phase, in agreement to the condition (a) above. Thus, transparent large
grain GCs have been demonstrated; an example is provided by a glass with composition Na4+2xCa4−x[Si6 O18], with 0  x  1, having large (up to 8 lm) grain
size and very high crystallized volume fraction, up to 97% [22]. Another glass with
similar characteristics, transparent too, was synthesized by melting powders constituted by Si, Na, Ca, Sr, Ti, Sb oxides and NH4NO3 [23]. In both cases, their high
transparency was explained as due to the simultaneous variations of the glass matrix
and crystal compositions during crystallization, which considerably decrease the
difference between the refractive indexes of the two phases (such a difference can
go down to 0.015); in terms of scattering, this feature prevails, regardless of crystal
size.
In general terms, the transparency of glass-ceramics is higher than expected from
the theory of Rayleigh scattering. As an example, a fluorozirconate glass-ceramics
containing BaCl2 nanoparticles exhibited an optical extinction coefﬁcient about six
times lower than predicted by Rayleigh scattering theory [24]. This behaviour
appears to be related to the spatial arrangement and the consequent interference
pattern of the scattered light [21]. Another important contribution to the
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understanding and estimation of quenching of the Rayleigh scattering in
glass-ceramic was given by Mattarelli et al. [25], who underlined the important role
played by the structure factor of the system and demonstrated that the physical
mechanism producing high transparency in glass-ceramics is the low density
fluctuation in the number of scatterers.

5.2.1

Optical Planar Waveguides

Here reference is made to optical guided-wave structures, either 2D (i.e. slab
waveguides), where conﬁnement is limited to one dimension (the height of the thin
ﬁlm), or 3D (i.e. channel waveguides), where conﬁnement also occurs in the
transversal direction with respect to the propagation axis. The former structures may
be realized by simply sol–gel depositing a thin glass-ceramic layer, while the latter
ones require, after the synthesis of bulk or thin-ﬁlm glass-ceramics, a patterning
process: either microlithography followed by an etching or diffusion or implant
process [26, 27], or a direct writing process, usually by a femtosecond or excimer
laser [28, 29] are necessary.
As already mentioned, the fabrication of purely passive glass-ceramic waveguides would not have a great relevance, since amorphous material platforms already
offer the possibility of ultra-low losses: two examples are given by an
LPCVD-deposited Si3N4 waveguide encapsulated inside SiO2 layers, where minimum propagation loss below 0.1 dB/m (i.e. 0.001 dB/cm) in the 1.54 mm wavelength band was measured [30], and by waveguides patterned, by photolithography
and reactive ion etching, into CVD-deposited doped silica glass ﬁlm, which
exhibited losses lower than 0.06 dB/cm [31]. A comparison of attenuation in different sol–gel produced amorphous and glass-ceramic waveguides is reported in
Table 5.1.
In order to produce such waveguides two main approaches can be followed,
namely the so-called bottom-up and top-down routes [36]: the latter one takes a bulk
material and modiﬁes it into the desired ﬁnal product, while the former one builds
the product starting from more basic materials (e.g. self-assembly is a typical
bottom-up production technique). Let us refer, as an example, to silica-hafnia ﬁlms;

Table 5.1 Propagation losses of some amorphous and glass-ceramic optical planar waveguides
Glass

Type

Loss (dB/cm)

Ref.

Oxide (TiO2)
Amorphous
0.5@0.63 lm
[32]
Amorphous
0.2@1.5 lm
[33]
Oxide (SiO2TiO2)
a
Amorphous
0.4@1.5 lm
[34]
Hybrid ZnO–GPTS
Glass-ceramic
1.4@0.63 lm
[35]
Oxide (SiO2ZnO)
Glass-ceramic
0.3@1.54 lm
[37]
Oxide (SiO2HfO2)
a
ZnO–(3-glycidoxypropil)trimethoxisilane (GPTS); GPTS:ZnO = 90:10 molar ratio
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it has been proved that by suitably processing the SiO2–HfO2 matrix, for a molar
concentration of HfO2 below 30%, the matrix remains amorphous if treated at
900 °C, but an annealing at 1000 °C for 30 min is sufﬁcient to produce the formation of nanocrystals [37]. The resulting ﬁlms are highly transparent and the GC
waveguides exhibit propagation loss as low as 0.3 dB/cm at 1.5 lm. The bottom-up
protocol may be as follows [37]: (i) preparation of a colloidal suspension of HfO2
nanoparticles, starting from a HfOCl2 solution in ethanol and using a reflux technique; (ii) separation of HfO2 nanoparticles from the colloidal suspension;
(iii) preparation of a solution of TEOS, alcohol, de-ionized water, and hydrochloridric acid prehydrolized for 1 h at 65 °C; (iv) addition of the hafnia precursor
HfOCl2 so to obtain the ﬁnal solution, e.g. with a molar ratio Si/Hf = 80/20; (v) for
activating ﬁlms with Er3+-ions, one can ﬁnally add ErNO35H2O. The GC
waveguides are eventually produced by dip coating a silica substrate and by a
proper thermal treatment. From most of the experimental data it appears that the
increase of losses with respect to the corresponding amorphous waveguide, due to
the ceramming process, is quite low or even negligible. The top-down approach, on
the contrary, employs a thermal annealing to nucleate nanocrystals in the amorphous matrix; ﬁrst, by a standard sol–gel process, several layers (say, 20–30) are
deposited onto a silica substrate with a dipping rate of 40 mm/min; each layer is
annealed in air for 50 s at 900 °C. The ﬁnal ﬁlm is stabilized by annealing in air for
5 min at 900 °C. In order to induce the growth of hafnia nanocrystals in these
waveguides, which result transparent and crack-free, an additional annealing in air
is performed for 30 min at a temperature between 1000 and 1100 °C [38].
Several other compositions have been investigated to produce sol–gel GC thin
ﬁlms that can effectively be used as waveguides and can easily host rare-earth ions;
as an example, nanocomposite silica-phosphate (SiO2–P2O5) thin ﬁlms have been
synthesized using tetraesoxysilane (TEOS) and triethylphosphate (TEP) as precursor sources of silica and phosphorus, respectively [39]. By thermal treatment of
the deposited thin ﬁlms (with SiO2:P2O5 = 89:11 molar ratio) for 3 h at 300 °C,
hexagonal silica-phosphate Si3(PO4)4, rhombohedra silica-phosphate Si5P6O25, and
monoclinic silica-phosphate SiP2O7 phases were detected by X-ray diffraction
analysis; by increasing the annealing temperature (500 °C), the Si3(PO4)4 phase is
eliminated, while the other two phases were increased. The crystallite sizes in the
ﬁlms annealed at 300 and 500 °C were equal to 14 and 25 nm, respectively.

5.2.2

Glass-Ceramic Optical Fibres

Glass-ceramic systems have been developed over the past 30 years especially with
regard to their outstanding thermo-mechanical properties; GC ﬁbres have also been
investigated, despite the fabrication problems related to their high melting temperatures and the narrow processing window [40, 41]. More interest towards GC
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ﬁbres arose with reference to superconducting materials [42, 43] and much more
when the advantages of this material for the development of ﬁbre optical ampliﬁers
and lasers were becoming clear [44].
As an example of GC ﬁbre systems studied for their mechanical and thermal
characteristics, namely high moduli of elasticity and low thermal expansion coefﬁcients, let us refer to magnesium aluminium silicate (MAS) and lithium aluminium
silicate (LAS) glass-ceramics [45, 46]. Their properties are suitable not only for
replacing conventional materials but also for facing other challenges, such as the
technical demands in aerospace applications. MgO–Al2O3–SiO2 (MAS) ﬁbres were
prepared using melt drawing and LiO2–Al2O3–SiO2 (LAS) ﬁbres by continuous
drawing; the drawing temperature for the MAS system was higher than 1200 °C
and LAS glass ﬁbres were drawn at a temperature below the crystallization temperature of 750 °C. MAS glass ﬁbres were produced in a limited quantity and their
diameters varied between 60 and 100 lm due to manual processing at high temperatures. In contrast, the diameters of LAS glass ﬁbres were automatically controlled in the range of 50–70 lm. Both glass-ceramic systems were annealed before
being subjected to two-step nucleation and crystallization heat treatment, in order to
produce high Young’s modulus (137 GPa for the MAS system and 93 GPa for the
LAS system, as measured by the nanoindentation method) glass-ceramic
ﬁbres [47].

5.3

Photoluminescence in Glass-Ceramics
and Its Applications

One of the areas where glass-ceramics have proved to be a very effective material,
still with large potential for further applications in optical ampliﬁers, lasers, multicolour luminescent devices, solar cells, is photonics: here, in fact, one can take full
advantage of their double nature, with the intrinsic properties of glass (such as
abundance, easy fabrication and low cost) and of doped crystals (such as optical
activity and luminescence). By allowing the control of the chemical environment of
the transition metal ions (e.g. Ni2+ and Cr4+) or of the rare-earth (lanthanides) ions,
GCs reduce the probability of chemical clusters and the consequent luminescence
quenching; moreover, they are a valid alternative to widely used glass hosts such as
silica, which has a high phonon energy of 1100 cm−1. In fact, the embedded
nanocrystals with low cut-off vibrational energy (oxides such as hafnia, titania, tin
oxide, zirconia, etc.; fluorides; oxyfluorides; …) reduce the non-radiative contribution to the relaxation mechanism, allowing high fluorescence efﬁciency. Thus,
transition metal ions, which exhibit broadband near-infrared (NIR) emission with
high quantum efﬁciency in crystals and show very weak or even no luminescence in
glasses, exhibit again strong and wide NIR luminescence in glass-ceramics [48].
Let us now look at some examples of rare-earth-doped glass-ceramics waveguides.
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Luminescence from RE-Activated Planar Waveguides

A rare-earth (RE)-activated GC waveguide constitutes an effective optical medium
for light propagation and luminescence enhancement. From a general point of view,
in fact, the performance of RE-doped glass integrated optical ampliﬁers and lasers
is limited by chemical and physical effects, mainly linked to the ion–ion interactions
as well as to the non-radiative relaxation processes, which are detrimental for the
efﬁciency of active waveguides and have been the subject of several studies [44].
The problem is particularly heavy in planar waveguides, where the short length, at
the cm scale, requires a high RE concentration in order to achieve a signiﬁcant
optical gain; a solution can be to adopt spiral guiding structures, reaching metre
length in a small footprint, but it is necessary to use high-index glasses to keep
bending losses at a low level, and this limits the device’s design flexibility.
Glass-ceramic waveguides, on the contrary, may overcome the above problems and
still offer a wide range of glass compositions to choose from. Just as an example,
one can consider SnO2, which is a wide band gap (Eg = 3.6 eV at 300 K) n-type
semiconductor, with a maximum phonon energy of about 630 cm−1; RE ions can
be incorporated in the SnO2 nanocrystals and, in the case of the Eu3+-doped
SiO2SnO2 system, Eu3+ ions are found to substitute for the Sn4+ ions in the
cassiterite-structured SnO2 nanocrystals [49]. As a result, Eu3+ red luminescence at
631 nm is greatly increased in those glass-ceramics with respect to parent glass.
Many studies have considered in particular the application of energy transfer
(ET) mechanisms in doped glass-ceramic materials for various applications,
including up- and down-converting planar waveguides for integrated optics, visible
laser light sources, structures for solar cells efﬁciency enhancement, and other
nanostructured systems. One of the cases where ET is effective occurs when a large
gap semiconductor nanocrystal, e.g. SnO2, is used as donor for the rare-earth ion
acceptor. In other cases, the efﬁciency of ET between two ions, e.g. Tb3+ and Yb3+
ions, increases as a consequence of the reduction of non-radiative relaxation
channels, due to the low cut-off frequency of the hosting nanocrystals. As an
example, in a Tb3+/Yb3+ co-doped lithium–lanthanum–aluminosilicate glassceramics an enhanced down-conversion luminescence from GC to that of the
as-prepared glass was observed, and attributed to the increased ET efﬁciency due to
the incorporation of Tb3+ and Yb3+ ions inside LaF3 nanoparticles [50].

5.3.2

Active Glass-Ceramic Optical Fibres

After the seminal work by Wang and Ohwaki in 1993 [51], where it was shown that
an oxyfluoride glass-ceramics activated with Er3+:Yb3+ ions was exhibiting a ten
times brighter emission than that observed in the corresponding fluoride glass, strong
interest arose on the development of rare-earth-doped GC optical ﬁbres. These
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efforts were also motivated by the contemporary expansion of the telecommunication systems into metropolitan networks, requiring a large use of optical ampliﬁers
operating at 1.3 and 1.5 lm wavelengths bands, where Pr3+ and Er3+ ions are very
effective. Industrial glass producers, like Corning, were pushing the research in this
area: among the ﬁrst results there were glass-ceramic single-mode optical ﬁbres with
mol% compositions 30SiO215Al2O329CdF217PbF24YF35ZnF2 [21] and
30SiO215Al2O329CdF217PbF24YF3 doped with 500 ppm of TmF3 [52]. Shortly
later, the same Corning group was demonstrating Nd laser action in a 5 lm core ﬁbre
with the same composition as in [52], substituting 500 ppm of TmF3 with 500 ppm
of NdF3 [53]. Even if the laser-slope efﬁciency of the GC ﬁbre was slightly lower
than the glass ﬁbre (28% instead of 33%), the authors were stating: “We believe that
this is the ﬁrst report of an efﬁcient glass-ceramic ﬁber laser and that the results
presented here show the potential for development of novel devices fabricated from
transparent glass-ceramic ﬁbers”.
The search for optimized material and ceramming process is still going on.
Several routes have been explored, synthesizing glasses which could be used to
produce GC optical ﬁbres, possibly doped with rare-earths or transition metals; a
few examples: (a) Ga5Sb10Ge25Se60, an IR-transmitting chalcogenide glass [54];
(b) 48SiO211Al2O37Na2CO310CaO10PbO11PbF23ErF3 and 48SiO211Al2O3
7Na2CO310CaO10PbO10PbF23YbF31ErF3 oxyfluoride glasses [55]; (c) Nd3+doped SiO2Al2O3ZnONa2OSrF2 and SiO2Al2O3ZnF2Na2OLaF3 oxyfluoride
glasses [56]; (d) GeO2P2O5SiO2 silica-based glass doped with Er3+ and Mg
nanoparticles [57]; (e) optical ﬁbres containing ZnOAl2O3SiO2 glass-ceramics
doped with Co2+, prepared by modiﬁed chemical vapour deposition (MCVD) and a
slurry doping method, i.e. by synthesizing the particles before insertion into the
silica tube substrate [58]; (f) glass-ceramic ﬁbres containing Cr3+-doped ZnAl2O4
nanocrystals, fabricated by the melt-in-tube method and successive heat treatment,
which exhibit broadband emission from Cr3+ when excited at 532 nm, making it a
promising material for broadband tuneable ﬁbre laser [59].
Limiting ourselves to consider active GC ﬁbres produced by sol–gel technique
associated to the drawing ﬁbre process, laser emission has been demonstrated in
SiO2/SnO2 and in SiO2/ZrO2 ﬁbres, both doped with Yb3+ ions; in the former case,
the ﬁbre core was composed of 60 mol% SiO2–40 mol% SnO2 doped with 1.6 mol%
ytterbium ions and, after thermal treatment, 4–6 nm diameter SnO2 nanoparticles
were found, crystallized in the rutile phase in the amorphous silica matrix. Laser
emission at 1050 nm was achieved in a 20.5 cm long ﬁbre, with 3.18 mW threshold
and a 8% yield [60]. In the latter case, SiO2–ZrO2 GC ﬁbres were drawn, and their
properties were investigated as a function of the zirconium precursor (SiZrx with
x = 10, 20, 30 mol%) and RE precursor. The diameter of ZrO2 nanoparticles was
evaluated to be in the range 3–6 nm. The laser showed a single-mode emission, with
efﬁciency reaching 73.2% at 1032 nm and 53.3% at 976 nm for the optimized
precursor concentration (20 mol% ZrO2 and 2% Yb3+) [61].
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Glass-Ceramics for Solar Cells

After discussing some of the main passive and active optical components based on
glass-ceramics, we now present interesting applications in the framework of solar
cell research. The applications that we have in mind should lead to a noticeable
increase in the efﬁciency of solar cell devices and be transferable to different types
of solar cell devices. They should furthermore provide a cheap and versatile add-on
to existing photovoltaics technologies, rather than enforcing major modiﬁcations of
existing devices. Here the versatility of sol–gel processing and its convenience in
creating functionalized layers of glass-ceramics via dip coating, spin coating or
spraying [62] may provide the necessary tools to assemble new and enhanced types
of solar cells even on an industrial scale.
We will ﬁrst present the major factors that limit the efﬁciencies of the ﬁrst
generation of solar cells based on semiconducting p–n junctions, as well as of the
second generation of thin ﬁlm based solar cells. As a possible route towards more
efﬁcient types of solar cells, we will then describe the luminescent features of a
third generation of solar cells, which are supposed to use nanotechnology and
state-of-the-art photonics technologies [63] to achieve much higher efﬁciencies than
the Shockley–Queisser limit for (idealized) single-junction solar cells of about 33%
[64]. In order to consider other promising future applications of sol–gel processing
and nanoceramics in the ﬁeld of solar cell technologies, we will ﬁnally give some
insight into the ﬁeld of thermo-photovoltaics [65].

5.4.1

Solar Cells and Their Efﬁciencies

Solar cells are devices that convert the energy carried by photons directly into
electric power, based on the photovoltaic effect [65]. When photons impinge on a
semiconductor, they can excite an electron from the valence band to the conduction
band, and thus leave a hole in the valence band. This process is indicated in
Fig. 5.1. The electron and the hole may form a bound state called an exciton, and/or
quickly dissociate into free electrons and holes. These charge carriers can always
recombine by the emission of a photon, and nothing would be gained in the process,
unless we ﬁnd a way to rapidly separate the generated electrons and holes, in order
to extract them separately at different locations. There are various ways to achieve
such a separation and extraction of charge carriers, which lead to different types of
solar cells, like cells based on semiconductor p–n junctions, organic solar cells and
dye-sensitized solar cells, just to name a few [65].
The classical layout for a solar cell, shown in Fig. 5.1, is a p–n junction, which is
a junction between an n-doped and p-doped semiconductor (e.g. silicon). Both
semiconductor components are connected to contacts, where the migrating charge
carriers are extracted. These contacts are also the place where electrons may
actually recombine with holes after migrating through an attached closed electric
circuit and powering all kinds of electric appliances.
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Fig. 5.1 (Left) Typical layout of an inorganic solar cell based on a p–n junction, (right) absorption
of a photon, which creates an electron–hole pair

How do the electrons and holes actually get to the contacts? In order to
understand this process, we have to keep in mind that the two doped semiconducting layers act as membranes for the migration of the charge carriers [65].
Within the n-doped layer, electrons have a very high mobility, but the mobility for
holes in the n-doped layer is very low. For the p-doped layer the situation is exactly
the other way round. This provides us with the basic mechanism to separate and
extract free charge carriers in a p–n junction, and similar types of mechanism are in
place for organic solar cells, or for dye-sensitized solar cells [66].
The factors that limit the efﬁciency of a solar cell are also indicated in Fig. 5.1. If
a photon has an energy E ¼ hx smaller than the band gap energy Egap , then this
photon will not be absorbed. That way, a lot of photons from the lower frequency
part of the solar spectrum are not harnessed by conventional types of solar cells
from the ﬁrst and second generation. If the energy of the photon is bigger than Egap ,
then the electron will lose a lot of its initial energy through thermalization, that is by
scattering with the lattice ions. Thermalization is a very fast process, and it is also
very hard to avoid. Finally, there are losses when electrons and holes recombine,
which could be either radiative (i.e. by emitting a photon), or non-radiative (like
trapping by impurities). All of these effects have been carefully analyzed in a recent
publication [63].
As well known, the efﬁciency for single-junction solar cells is about 33%, which
is the famous Shockley–Queisser limit [64]. This model assumes a realistic semiconductor band gap of the order of 1.2 eV, one electron–hole pair per absorbed
photon, thermalization of electrons in excess of the band gap, radiative recombination and unconcentrated sunlight.
With effective light concentration, the efﬁciency of such a single-junction solar
cell can be increased to about 42% [63]. This ﬁgure must be contrasted to
the theoretical efﬁciency of a solar cell [64]. Let us assume that the solar cell is
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simply a black body absorber and emitter, which operates under conditions of
maximum light concentration and at a temperature lower than the temperature of the
Sun. The absorber is coupled to a Carnot engine, which converts part of the
absorbed energy into electric energy while exchanging heat with a heat reservoir at
even lower temperatures. The efﬁciency for such an ideal solar cell is about 85%,
and the 15% losses in efﬁciency are due to entropic effects, which cannot really be
avoided for any realistic setting [65].
The discrepancy between the 42% efﬁciency of a single-junction solar cell and
the 85% efﬁciency of an ideal solar cell is due to thermal losses and the lack of
absorption, which means that both processes reduce the theoretical efﬁciency of
solar cell by more than 40%. This is where a third generation of ultrahigh-efﬁcient
photovoltaic devices comes into play which is supposed to carry new features that
will push the efﬁciencies beyond the 42% limit.
A standard solution to reduce thermal and absorption losses is the creation of
multi-junction cells, where photons with energies smaller than the band gap of the
ﬁrst junction may be absorbed by a second junction, and so on [63]. The proper
combination of junctions with different band gaps will be such that the energies of
the electrons generated by the absorbed photons turn out to be very close to the
band gap, and the resulting thermal losses will be small. The major disadvantages of
the multi-junction approach are the need to combine different semiconductor
materials, and problems with the stability of the output currents, due to the fact that
the different junctions are usually arranged in series. Referring to commercial
devices, crystalline Si cells have an efﬁciency of about 25.6%, with a high short
circuit current density JSC (41.8 mA/cm2), while triple junction InGaP/
GaAs/InGaAs cells have a maximum efﬁciency close to 38%, but with a lower
JSC = 14.27 mA/cm2 [67]. Under ideal conditions, one might be able to push this
technology into the 70% efﬁciency range, see [63].
An alternative approach is based on the increase of absorption through
up-conversion or down-conversion of photons in luminescent layers. The theoretical efﬁciencies for solar cells with up-conversion layers are predicted to be around
64% for concentrated sunlight, and around 48% without concentration [68]. In the
following, we will discuss the details of advanced solar cells using luminescent
conversion layers, where synthesis based on sol–gel processes already plays a very
prominent role.

5.4.2

Luminescent Conversion Layers

We have seen that over 40% of the potential efﬁciency of a single-junction solar cell
gets lost as the result of thermalization, or as the result of non-absorption of photons
with energies lower than the band gap of a given solar cell. It has been known for
quite a time [69] that rare-earth ions with their rich spectrum of optical transitions
among the F and D levels give rise to up- and down-conversion processes, where
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two lower energetic photons are absorbed and a higher energetic photon is emitted
(up-conversion), or where a higher energetic photon is absorbed, and two lower
energetic photons are emitted (down-conversion). A seminal paper by Trupke et al.
[68] suggested to use frequency conversion to avoid thermalization and absorption
losses. The predicted efﬁciencies for these types of solar cells range between 48 and
68%, depending on the degree of concentration of incoming sunlight.
The structure of a conventional solar cell with an added up-conversion layer is
shown in Fig. 5.2, together with a sketch of a basic up-conversion process. Due to
the fact that photons with energies lower than the band gap energy will pass the
solar cell without being absorbed, the up-conversion layer should be located at the
back of the solar cell, in combination with a reflector that will direct the converted
higher energetic photons into the active layer of the solar cell. Similarly, a
down-conversion layer must be deposited at the front of the solar cell, because
otherwise the higher energetic photons will only excite electrons that will loose a
good fraction of their energy via thermalization.
From a practical point of view, as we have seen in previous sections,
glass-ceramics can be easily doped with rare-earth ions; furthermore, the functionalized glass layers may be deposited on a photovoltaic substrate using dip
coating, spin coating or spraying, as part of a typical sol–gel process.
Rare-earth-doped GCs in combination with sol–gel processing are therefore our
preferred method to supply conventional solar cells with up- and down-conversion

Fig. 5.2 Plasmon enhanced solar cell using up-conversion. Left side A conventional solar cell is
supplied with an up-converter layer at the back of the solar cell. A reflector will direct the
converted photons into the active layer of the solar cell. All optical processes including light
absorption are also enhanced by the implantation of plasmonic nanoparticles [63]. On the right A
typical up-conversion process, where two lower energetic photons are absorbed simultaneously,
producing the emission of a more energetic photon

5 Advancement of Glass-Ceramic Materials for Photonic Applications

145

structures, apart from using photonic crystal layers with the opal or inverse opal
structure, which are discussed in the next section.
It must be pointed out that the details of up- and down-conversion processes in
rare-earth-doped glass-ceramics can be very complicated [70]. For example, energy
may be transferred between different rare-earth ions, and optical conversion processes might also be quenched, depending on the atomic environment. These factors could have very negative effects on the efﬁciency of a solar cell, and a critical
assessment of both conversion processes under realistic working conditions has
been discussed, e.g. in [71].
In the same context, a number of fundamental studies have been carried out to
assess the suitability of various dopants and glass-ceramics for the assembly of
luminescent conversion layers; as an example, in [72] one can ﬁnd a description of
the criteria for optimum up-conversion and down-conversion in silicon solar cells.
The authors also discuss the performance of a long series of host materials co-doped
by rare-earth and transition metal ions to form luminescent conversion layers. For
up-conversion they recommend systems with trivalent erbium, a combination of
trivalent erbium and trivalent dysprosium, or host materials containing trivalent
ytterbium, while they are very skeptical about ﬁnding suitable materials for
down-conversion purposes.
Another extensive survey [73] lists even more combinations of rare-earth ions
and possible host materials, and also discusses the multiple-exciton formation in
quantum dots. Many possible sources of losses for up-conversion processes are
considered, and the enhancement of up-conversion processes using plasmonic
nanoparticles and photonic crystals is recommended. Various systems for
down-conversion towards photon energies within the near-infrared range are also
described in this study, many of them with almost 200% efﬁciencies, such as
combinations of trivalent ytterbium with a whole series of other rare-earth ions. As
examples of promising systems, various papers have discussed up- and
down-conversion efﬁciencies for erbium–ytterbium systems in glass-ceramics [74–
76]. Note that, despite the large amount of data gathered in studies like [71, 72], the
list of possible combinations of rare-earth ions with suitable host materials to form
luminescent conversion layers is far from complete, and research by many groups
worldwide brings us closer and closer to the predicted theoretical efﬁciencies.
Finally, we also want to point out the role of plasmonic gold and silver
nanoparticles, whose presence is indicated in Fig. 5.2. As mentioned in previous
sections, these nanoparticles can be integrated into glass-ceramics, and they may
also be integrated into photonic crystal layers, which are discussed in the next
section. Some advanced techniques to implement plasmonic nanoparticles are
described in [77], where the authors also discuss the various roles of plasmonic
nanoparticles in the framework of photovoltaics. Among the most prominent and
most desirable features there are light concentration, preferential scattering of
incoming light into the active layer of the solar cell, and light trapping to enhance
up- and down-conversion processes and the formation of excitons.
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Thermo-photovoltaics

The idea to use ceramics as part of thermo-photovoltaic (TPV) devices is not really
new. In fact, the ﬁeld of thermo-photovoltaics has been created somewhere between
1956 and 1961 [78]. The ﬁeld is still in the shadow of other photovoltaic technologies, but we think that thermo-photovoltaics is a very interesting topic for the
present review, as absorbers based on conventional ceramics and/or new types of
nanoceramics might have distinct advantages over transparent glass-ceramics used
in photonics [79].
The blueprint of a TPV system is shown in Fig. 5.3. A thermal emitter harnesses
the energy from a heat source, which can be either sunlight or a combustion
process, and then re-emits light in a frequency range suitable for PV devices. If
necessary, up- and down-conversion processes may facilitate emission of light in a
more convenient frequency range. In order to reduce the thermalization losses
typical of other types of photovoltaic devices, it might be necessary to add a ﬁlter
between the emitter and the PV device. Ideally the ﬁlter will only let those photons
pass, whose energies are very close to the band gap of the PV device. That way the
thermalization losses within the PV device can largely be neglected.
It has to be noted that photons with energies outside of the preferred range are
not really lost in a TPV system. They are simply reflected by the ﬁlter and redirected towards the emitter, where they are reabsorbed using concentrators and
reflectors, and thus contribute to the heating of the emitter itself.
Thus for an ideal TPV system, neither photons are lost, nor do the excited
electrons in the conduction band of the PV device suffer from thermalization losses.
This means that the efﬁciency of a thermo-photovoltaic device should be close to

Fig. 5.3 Thermo-photovoltaic system: A hot thermal emitter absorbs energy from a heat source
and emits photons at various optical frequencies. Only the photons with energies close to the band
gap of a photovoltaic (PV) device will pass through a ﬁlter, and they will be harnessed by the PV
device. All other photons will be reflected and reabsorbed by the emitter
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the efﬁciency limit of an ideal solar cell, which is around 85%. Let us simply work
out the efﬁciency g of an emitter, which is part of an ideal photovoltaic system with
maximum concentration of sunlight, which leads to the following well-known
expression [65]:

 

TE4
TPV
g¼ 1 4  1
TE
TS

ð1:1Þ

Assuming realistic values like TS ¼ 5800 K for the temperature of the Sun and
TPV ¼ 300 K for the temperature of the PV device, we then ﬁnd that the system has
a maximum efﬁciency of 85% at the temperature TE ¼ 2478 K of the emitter. Such
high temperatures are a real challenge for materials science, because most materials
would have been either melted or even evaporated at such temperatures. So far, the
most promising materials available for such purposes are ceramics and tungsten.
Let us close our discussion by summarizing the requirements for an efﬁcient
TPV system: (a) Emitters should have the absorption and emission properties of a
black body. They should be able to sustain very high temperatures, and emit
photons with energies close to the band gap of a highly efﬁcient photovoltaic
device. (b) A suitable ﬁlter will only let pass photons within an even narrower
energy range, which is supposed to be close to the band gap of the PV device. Other
photons must be reflected back towards the emitter, where they will be reabsorbed.
(c) Highly efﬁcient photovoltaic systems must be available for those energy ranges,
where light is preferentially emitted by the thermal emitter.
This indicates that a highly efﬁcient thermo-photovoltaic system based on
ceramic materials remains a formidable challenge [79]. Thanks to the rapid progress
being made in the ﬁeld of nanomaterials and photonics [80], however, one can be
optimistic and hope that more and more prototype TPV devices will be developed
and assembled in the near future.

5.5

Other Photonics Applications

We have seen in previous sections that glass-ceramics form a very important class
of basic materials for modern optics and photonics. One reason for the ongoing
success story of GCs is certainly the fact that their most important properties can be
tailored using the sol–gel process, which literally leads to “glasses from the bottle”
[81]. Application of the sol–gel process ranges from trivial applications like coatings or rigid hosts [82] to very exotic applications, like the use of three-dimensional
photonic crystals in dye-sensitized solar cells [83].
These three-dimensional photonic crystals are actually one of the milestones of
modern photonics [84], where important structural paradigms like artiﬁcial opals
and inverse opals can be fabricated using a sol–gel process in combination with dip
coating [85, 86]. This leads to a variety of important technological applications,
which are summarized below.
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Photonic Crystals

Photonic crystals are periodic composite dielectrics. Light that propagates through
such a structure will form photonic Bloch states, similar to the formation of electronic Bloch states in a solid [84]. Similar to the electronic case, the dispersion
relation for Bloch states in a photonic crystal is characterized by a complicated band
structure xn ð~
kÞ, where n is the band index, xn is a frequency, and ~
k is the
pseudo-momentum of the photonic Bloch state. The band structures can actually be
predicted numerically, using standard frequency domain methods [84]. These
simulations have even become an important standard tool to analyze and design
photonic crystals for speciﬁc applications.
Depending on the structure of the photonic crystal, the dielectric contrast
between its components, as well as the size, the shape and the location of the
repeated dielectric unit, there could be the opening of a photonic band gap, like the
opening of electronic band gaps for semiconductors and insulators. A photonic
band marks a frequency range where light cannot penetrate a photonic crystal. In
some cases, one even observes omnidirectional total reflection for all polarizations
of the incoming light. This peculiar behaviour of photonic crystals literally allows
one to “mold the flow of light” [84], and therefore photonic crystals have established themselves as a key technology for all sorts of photonic nanodevices,
including reflectors, couplers, waveguides, ﬁbres, cavities, just to mention a few.
Early descriptions of 1D photonic crystals go back to Lord Rayleigh [87], but the
ﬁeld basically took off 100 years later, thanks to seminal papers published by
Yablonovitch [88] and John [89].
In the meantime, there have been so many review articles and monographs
written about photonic crystals that we better stay away from picking out only a few
selected ones, and instead persistently refer to what has become the standard
textbook in the ﬁeld [84]. Within that textbook, the reader will surely ﬁnd all the
necessary additional information and useful references.
Surprisingly enough, for Mother Nature the formation of photonic crystals is
nothing new. The iridescent colours of opals are basically Bragg reflections, where
light of different wavelengths is scattered from certain lattice planes within the opal.
The underlying structure of the opal is very simple. It consists of a close-packed
(hexagonal or cubic) lattice of silica spheres, 150–300 nm in diameter. Depending
on the quality of the stacking (and thus on the periodicity of the underlying photonic crystal), opals can range from milky types, over precious opal with its many
beautiful colours, to black opal.
From the point of view of its photonic band structure, a close-packed opal will not
give rise to a complete photonic band gap. In fact, band gaps only appear in certain
directions of reciprocal space ~
k. However, the inverse structure which consists of a
close-packed lattice of spherical voids in a dielectric matrix is known to give rise to
an omnidirectional photonic band gap [84]. Unlike the opal, the inverse opal does
not exist in Nature, and therefore it must be synthesized in a lab.
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The synthesis of artiﬁcial opals and artiﬁcial inverse opals turns out to be another
playground for sol–gel processes [85, 86]. As described in [85], glass spheres can
be synthesized using a well-controlled sol–gel process, which goes back to Stöber
[90]. It is based on a standard sol–gel process, which involves (partial) hydrolysis of
silicon alkoxides in water, followed by condensation and formation of siloxane
groups that ﬁnally grow into a glassy phase. By changing key factors like temperature, concentrations and pH, one actually achieves great control over the size of
the spheres, ranging from 100 to 600 nm, with dispersity of the order of 3%.
The spheres can also be doped by rare-earth ions as part of the sol–gel process,
which however is difﬁcult to control and thus increases the dispersity of the spheres
to about 10%. An alternative approach is the synthesis of core-shell structures,
where the synthesis of a silica core is followed by the seeded growth of a mixed
oxide shell containing rare-earth ions [85].
For the nanosized glass spheres to form an opal, they have to be consolidated in
the form of a (perfect) FCC (face-centred cubic) stacking. This can be achieved by
sedimentation, by centrifugation or by convective self-assembly [86]. Sedimentation
is very slow, whereas centrifugation leads to structures with a considerable degree of
disorder. Therefore, the preferred method is convective self-assembly [91], which
consists of a vertical deposition of close-packed glass layers (dip coating). During
this process, the evaporating liquid forces the glass particles to assemble into a
close-packed FCC structure, while they are trapped within the meniscus that forms
between the sol and the deposition plate. Convective self-assembly provides a very
precise control over the quality of the deposited ﬁlms and their thickness. A typical
structure of an opal constituted by silica nanoparticles with average size around
250 nm is shown in Fig. 5.4a.

Fig. 5.4 a Scanning electron microscopy (SEM) image of top surface of an opal structure, where
an hexagonal alignment is present, corresponding to the plane (111) of an fcc structure; b SEM
image of the top surface of an inverse silica opal obtained starting from nanoparticles of size
236 nm. Adapted from [85]
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In order to assemble an inverse opal structure, one has to inﬁltrate the voids of
the opal structure with different materials, which can be dielectrics, semiconductors
or even metals. Depending on the nature of the spheres that are forming the opal
template [silica, polystyrene (PS) or polymethylmethacrylate (PMMA)], one can
ﬁnally get rid of these spheres either by selective etching or by heat treatment. The
resulting structure is an FCC lattice made of spherical voids in a (sparse) surrounding dielectric, semiconducting or even metallic matrix [86]. Figure 5.4b
shows a SEM photograph of an inverse opal structure obtained starting from an
opal structure with nanoparticles of size 236 nm.
The spherical voids of the inverse opal can be selectively ﬁlled with other
materials again, and thus lead to photonic waveguides. In such a structure, light
with a frequency in the band gap of the inverse opal can only propagate along
regions where the spherical voids are ﬁlled with an additional dielectric material.
In general, the voids of both the opal and the inverse opal can be ﬁlled with
plasmonic silver or gold nanoparticles, which add plasmonic features to the functionality of these basic photonic materials [85].
It might not come as a big surprise that opal and inverse opal layers are also one
of our preferred systems to enhance the efﬁciency of solar cells, as described in the
previous section. Opal and inverse opal structures are relatively easy to synthesize
on the basis of a well-deﬁned sol–gel synthesis protocol, where the glass spheres
can subsequently be deposited on a photovoltaic substrate using simple techniques
like dip coating. Furthermore, the glass spheres can easily be doped with all sorts of
rare-earth ions, and the inverse opal structure even provides omnidirectional photonic band gaps to mould the flow of photons within a solar cell.

5.6

Summary and Outlook

We gave a brief overview of the most important types of glass-ceramics used for
photonics and photovoltaics applications, and illustrated the role of sol–gel processes for the assembly of advanced photonic devices based on glass-ceramics. This
is a wide and very advanced ﬁeld, and we have only briefly overviewed the role of
transparent glass-ceramics as passive and active photonic elements, such as planar
waveguides and ﬁbres.
One of the most useful features is the ease of doping the glass-ceramics with
rare-earth ions, which can be achieved during the sol–gel process. This is important
for the synthesis of active photonic devices like lasers and ampliﬁers, but also for a
largely improved efﬁciency of solar cell devices.
We also gave an introduction to the very active ﬁeld of photovoltaics, where we
presented the main factors that limit the efﬁciencies of standard solar cells under
conditions of concentrated light to about 40% efﬁciency. We then discussed several
ways to overcome these limits, and pointed out the importance of rare-earth doped
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glass-ceramics for up- and down-conversion processes. In combination with the
sol–gel process as a cheap, but still sufﬁciently precise, way to assemble luminescent conversion layers, even conventional solar cells might be able to reach
efﬁciencies in the 60% range, and beyond.
Finally, we also gave some insight into the ﬁeld of photonic crystals, where
artiﬁcial opals and inverse opals play an important role. The synthesis of such
materials is again largely based on standard sol–gel processes, in combination with
convective self-assembly (via dip coating) as the most precise technique to achieve
well-ordered FCC layers made of glass spheres.
Our aim, with this short review, was to effectively pay the due tribute to
glass-ceramics as one of the most active and most rapidly developing ﬁelds in the
materials science for modern optics and photonics. For sure, many advances have
been made since 1985, when, in a conference abstract, glass-ceramics were referred
as “these unique, rather poorly understood and yet very promising materials” [92].
It is also true, however, that not all the aspects of the science of glass-ceramics have
already been fully clariﬁed and that the development of GC materials is still under
way. We have mentioned here some of the most promising and most exciting
applications of the sol–gel photonic glass-ceramics, namely integrated photonics,
ﬁbre ampliﬁers and lasers, photovoltaic devices; let us end this review by giving
two more examples of the potential of GCs: a photo-thermo-refractive
(PTR) glass-ceramic, which can be ﬁnely photostructured [93] and an
ytterbium-doped transparent glass-ceramics, which exhibits thermal and spectroscopic properties suitable for optical refrigeration [94]. The new PTR glass-ceramic
can be chemically etched at a rate more than 10 times higher than that for PTR
glass; the etching rate can also be controlled by varying the parameters of
photo-thermo-induced crystallization. Thus, this glass is claimed by authors to be a
suitable optical material for developing revolutionary new elements and devices
(MEMS, MOEMS, fluidics, “lab-on-chips”, etc.) through combining the potentialities of chemical etching technology and the unique properties (photorefractive,
laser, plasmonic, and ion- exchangeable ones) of PTR glass [93]. As to the
Yb-doped TGC, all the fabricated samples showed an above 0.9 quantum efﬁciency; thus, rare-earth-doped glass-ceramics proved to offer a promising path
towards materials with high efﬁciency for use in optical refrigeration and metrology, with a much more scalable production method than crystals. By further
improving precursor puriﬁcation, it is also expected that laser induced cooling of
this material will be demonstrated.
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Chapter 6

Ceramic Nanocomposites for Solid Oxide
Fuel Cells
Hui Hui Lim, Erick Sulistya, May Yuan Wong, Babak Salamatinia
and Bahman Amini Horri

Abstract Solid oxide fuel cells (SOFCs) are considered as prospective technology
for direct conversion of the energy of chemical fuels into electricity. The development of highly efﬁcient SOFC capable to operate in a range of operational
temperature with various fuels, however, needs improvements in the microstructural and physical properties of the cell individual parts including electrodes,
electrolytes, and current collectors. It is well understood that electrochemical
function of the SOFC individual parts strongly depend on microstructural properties
including porosity and pore-size distribution, particle size and size distribution,
composition and spatial distribution of the constituent phases, and the length of the
so-called triple-phase boundaries (TPBs) in the electrodes. Therefore, performing a
control over the particle size and shape of the powders (the nanocomposite precursors) used for fabrication of SOFCs as well as controlling the other processing
parameters (such as sintering temperature, shrinkage, ceramic to pore-former
loading ratio) offer a capability to fabricate both SOFCs with desired electrochemical, mechanical, and thermal performance. Synthesis of nanomaterial has
signiﬁcantly considered as an important and hot ﬁeld because it offers fast redox
reactions, high speciﬁc surface areas, and shortened diffusion paths in the solid
phase. Reviewing the literature in the past few years shows that optimizing the
microstructural properties of SOFC through combination of advanced nanostructured materials in order to improve the electrochemical performance of the cell has
still remained as a signiﬁcant challenge in developing efﬁcient SOFCs. In this
chapter we review the articles in the ﬁeld of synthesis and application of
nanocomposite material for SOFCs and present some signiﬁcant contributions from
many research groups who are working in this area. The SOFC nanocomposite
material in this chapter is mainly classiﬁed into three categories—electrolyte, anode
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and cathode that are followed by two operational ranges of temperature including
high and low temperature.
Keywords Ceramic
Synthesis
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Introduction

Due to the depletion of natural resources, power generation has diverted from fuel
combustion to electrochemical process, whereby the conversion of fuel chemical
energy to electricity occurs via a device namely fuel cell. Solid oxide fuel cell (SOFC)
is one of the most promising fuel cells to be applied in power generation plants due to
its high electrical efﬁciency (approximately 60%) with high power density [1, 2]. Due
to the high operating temperature of SOFC (600–1000 °C), high quality exhaust heat
undergoes co-generation in which it is used in combined heat and power system
(CHP) to generator more electricity [3]. The co-regeneration process is reported to
increase the total fuel consumption efﬁciency to 85% by U.S. Department of Energy
[1]. The high operating temperature of SOFC eliminates the usage of precious
metallic catalyst such as Platinum, Pt and Ruthenium, Ru hence reduce material cost
[4]. Besides that, wide range of fuel is compatible due to the high operating temperature such as hydrogen, hydrocarbons and carbon monoxide [3].
Power generation from combustion of fuel has caused environmental and public
health issue especially in the emission of greenhouse gases (carbon dioxide, CO2),
sulphur oxides, SOx and nitrogen oxides, NOx. SOFC is a green technology which
reduces these emissions as hydrocarbon fuel is replaced with hydrogen fuel that
precludes emission greenhouse gases, SOx and NOx. Studies show that SOFC has
reduces the emission of NOx, sulphur dioxide, SO2 and CO2 by 99.8024, 99.9991
and 53.7174%, respectively, as compared to the emission by an average fossil fuel
plant in United States [2]. Noise pollution can be further reduced due to the
vibration-free operation of SOFC since no moving mechanism is applied [3]. This
indirectly reduces the maintenance cost in moving parts of the power generator.
As SOFC shows many advantages in operation efﬁciency and environmental issues,
SOFC is widely studied for the past decades to improve the design of SOFC
especially in electrolyte/electrodes materials development.

6.2
6.2.1

Solid Oxide Fuel Cell (SOFC)
Fundamental Mechanism of SOFC

SOFC operates at relatively high temperature—from 600 to 1000 °C thus enabling
fuel reforming [5]. At the cathode, hot air enters the fuel cell in which the oxygen
gas molecules in air reacts with electron from the external circuit forming oxide ion
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O2 + 4e- → 2O2-

Fig. 6.1 Mechanism of a solid oxide fuel cell

[5]. The oxide ions travel through the dense solid ceramic electrolyte to the anode
side of the fuel cell. At the anode, incoming fuel such as hydrogen gas and
hydrocarbons reacts with oxide ions to form water molecules (and/or carbon
dioxide). This reaction releases electrons to the external circuit which is subsequently sent to the cathode side for electricity generation [5]. The entire fuel cell
mechanism is illustrated in Fig. 6.1.

6.2.2

Type of SOFC

There are several design types of SOFC corresponding to various cell stack designs
and cell conﬁgurations of SOFC. The most common cell stack designs were planar
design, tubular design, monolithic design and segmented cell in-series design [6].
Among all the four stack designs, planar design was mostly used in the laboratory
due to its simplicity and that it is suitable for all cell conﬁgurations. Planar design
was most studied also due to the high power volume density properties of the
cell [7].
Cell conﬁguration was categorized into two main categories—self-supporting
conﬁguration and external supporting conﬁguration. A self-supporting conﬁguration utilizes one of the cell component as structural support such as electrolytesupported, cathode-supported and anode-supported cell. On the other hand, external
supporting conﬁguration consists of modiﬁed conﬁgurations such as porous
substrate-supported and interconnect-supported cell [6].
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Components of a SOFC

Similar to all fuel cells, the SOFC consists of three main parts—anode, cathode and
electrolyte. Unlike other fuel cells, however, a SOFC uses a dense solid ceramic
electrolyte instead of the typical liquid or membrane electrolyte which allows oxide
ions to pass through [8].
Anode layer acts as a catalyst for fuel oxidation in reducing environment, thus
crucial to exhibit sufﬁcient porosity for gas transportation and high electrochemical
active sites or triple phase boundaries [3, 7]. With that pretext, an anode layer is
considered current collector. An ideal anode material should also have high electronic conductivity, high chemical stability and matching thermal expansion coefﬁcient with other cell components [3].
Electrolyte of an SOFC is the intermediate medium between the two electrodes
such that it enables oxide ions to migrate from the cathode side to anode side to
generate a potential difference. Preferably, an electrolyte material has high oxide ion
conductivity that helps minimize ohmic losses, possess a dense structure, gas tight
and chemically stable [3]. Besides that, an electrolyte material should have a low
valence element substitutions or acceptor dopants which eventually create oxygen
vacant sites through charge compensation [3].
Cathode or air electrode undergoes electrochemical reduction in oxidizing
environment by converting oxygen into oxygen ions. This is conducted by
accepting electrons coming from external circuit [9].
1
O2 þ 2e ! O2
2
SOFC cathode layer involves the transports of electrons and gaseous oxygen,
hence a porous layer is desirable. A suitable cathode material must also have high
electronic conductivity, chemical stability, dimensional stability, compatible thermal expansion and minimal reactivity with electrolyte material [9].

6.3
6.3.1

Anode (Fuel Electrode)
Nickel (II) Oxide (NiO)

Porous nickel, Ni electrodes were found to be an ideal anode material due to high
electrochemical activity for fuel oxidation and high melting point at 1453 °C. However,
the thermal expansion coefﬁcient of Ni were higher than the common electrolyte
material, Yttria-stabilized zirconia (YSZ) which is 13.3  10−6 cm cm−1 K−1 and
10.5  10−6 cm cm−1 K−1, respectively [10]. Hence, YSZ were added into Ni electrodes
to reduce the overall thermal expansion coefﬁcient of anode to better match with the
thermal expansion coefﬁcient of electrolyte.
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In the synthesis of anode layer, Nickel (II) Oxide, NiO powder were the precursor for anode synthesis as NiO powder were mixed with YSZ via mechanical
mixing method forming anode composite materials. Anode composite materials
were then sintered and reacted with hydrogen to convert NiO into metallic Ni [11].

6.3.1.1

Properties of NiO

NiO nanoparticles were widely used as a material for the fabrication of lithium
battery, fuel cell, supercapacitor, photoelectrodes, gas sensor, chemical catalyst,
electrochromic ﬁlm [12]. This is motivated by the fact that NiO exhibits excellent
electrochemical performance, optical electronic performance, photoelectric, catalytic, magnetic, thermal, mechanical and chemical properties [13]. Synthesis of
Nickel (II) Oxide in the scale of nanosized was widely studied due to the several
advantages it exhibit.

6.3.1.2

Synthesis of NiO

Several synthesis methods of NiO were studied such as co-precipitation,
hydrothermal and sol–gel. Table 6.1 shows the different synthesis method of NiO
nanoparticles done in laboratory scale by several researchers.
Co-precipitation or chemical precipitation is reliable method for the synthesis of
oxide powders as the ﬁnished products were usually found to be in a well-deﬁned
and less agglomerated state [14]. Co-precipitation is considered relatively straight
forward as it does not require special equipment or well-established method for
large-scale synthesis. However, challenge lies in the controlling of metal oxides
morphology as precipitation reaction was fast [15]. Amongst the factors governing
co-precipitation include solubility of the precipitants, concentration of reactants,
reaction temperature and reaction pH.
During co-precipitation, NiO precursor is synthesized via chemical precipitation
between a basic material and a precipitator in surfactant solution. Once NiO precursor is formed, it is calcined under high temperature (>400 °C) to be converted to
Table 6.1 Various synthesis methods of Nickel (II) Oxide particles
Synthesis method

Size of Nickel (II) Oxide particles (nm)

Reference

Co-precipitation
Co-precipitation
Co-precipitation
Hydrothermal
Hydrothermal
Sol–gel

32
19
50
300
10
14.31

El-Kemary et al. [12]
Kumar et al. [17]
Mahaleh et al. [16]
Cao et al. [68]
Su et al. [18]
Ba-Abbad et al. [13]
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NiO. In Mahaleh et al. [16], using this method, successfully synthesized spherical
NiO nanoparticles of size ranging between 25 and 65 nm. They utilized nickel
nitrate hex hydrate and sodium hydroxide with several types of surfactants such as
polyvinylpyrrolidone, polyethylene glycol and cetyl trimethyl ammonium bromide.
Since then, researches have synthesized NiO nanoparticles of smaller sizes. For
instance, Kumar et al. [17] have produced spherical NiO nanoparticles with an
average size of 19 nm using nickel chloride hexahydrate and ammonia solution in
ethanol surfactant.
Hydrothermal/solvothermal method is also a common method used in the synthesis of metal oxide in larger scale. Reactant solutions undergo high temperature—
above 100 °C in the environment of sealed stainless steel autoclave reactor which
provides a closed system in building up the pressure. Hydrothermal method was
commonly used as it provides highly monodispersed particles with controllable size
and morphology—unlike the co-precipitation method. Moreover, this method
enables high purity product with no involvement of toxic chemical [15].
Hydrothermal method in recent years has proved capable in synthesizing
nanoparticles in the range of 10 nm by Su et al. [18]. Su et al. [18] successfully
synthesized mesoporous NiO nanowires with diameter less than 10 nm via
hydrothermal process of nickel chloride with potassium oxalate and heat-treated
nickel oxalate precursor at 400 °C. It was observed from this study that the NiO
nanowires synthesize showed excellent electrochemical performance of high lithium
storage capacity and high speciﬁc capacitance which is ideal for fuel cell material.
Alternative synthesis methods such as sol–gel was studied as it is a simple yet
cheap and that it provides pure metal oxides with great homogeneity. Sol–gel
method converts molecular precursor into organic solid which is a network of
oxides via inorganic polymerization reaction [14]. Sol–gel method shows great
potential in controlling the sizes and shapes of nanoparticles in which synthesis
condition were adjusted such as molar ratio of reactants, type of solvent, type of
surfactant, reaction duration, reaction temperature and pH condition [13, 15].
Due to the several effects of synthesis condition, researches have used Response
Surface Methodology (RSM) for controllable size and shape of NiO nanoparticles.
Ba-Abbad et al. [13] have developed a RSM based on Box–Behnken design of
experiment which uses nickel nitrate hexahydrate and citric acid as reactants where
ethylene glycol as surfactant. In this study, this method has successfully development spherical NiO with nanoparticles size of 14.31 nm at nickel nitrate to citric
acid molar ratio of 1:1.74, pH 1 and calcination temperature of 400 °C.

6.3.2

Nickel/Yittria Stabilized Zirconia (Ni/YSZ)
Cermet Anode

Nickel/Yttria Stabilized Zirconia (Ni/YSZ) cermet anode was one of the most
commonly studied Ni-based cermet anode. Ni acts as the electrochemical catalyst
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Fig. 6.2 Triple-phase boundary of Ni/YSZ cermet anode

for fuel oxidation while YSZ helps to create a porous ceramic network and provides
sufﬁcient mechanical support for the anode [19]. Ni/YSZ cermet anode was also
found to able to reduce electrode polarization resistant and enhance reaction
kinetics by increasing reaction sites from two-dimensional reaction zone to
three-dimensional reaction zone [10]. This is because YSZ creates a deep electrolyte zone channelling oxide ions from the electrolyte to triple-phase boundaries
(TPBs) site in which Ni, YSZ and fuel such as hydrogen were met [20]. Figure 6.2
illustrates the TPBs of Ni/YSZ cermet anode.
However, Ni/YSZ cermet anode causes unstable Redox cycling due to the
occurrence of anode volume expansion which leads to the formation of microcrack
in anode and in the electrolyte. A Redox stable anode supported fuel cell can be
achieved by microstructure optimization in terms of initial anode particle size,
anode porosity and anode composition [21]. Xiao and Chen [21] reported that a
smaller initial NiO particle size improves Redox stability effectively. Also, Ni/YSZ
was sensitive towards carbon build-up (coking) from hydrocarbon fuel oxidation
and low tolerance to sulphur contamination from traces of impurities of fuel [21].

6.3.2.1

Synthesis of Ni/YSZ Cermet Anode

The ideal synthesis process of Ni/YSZ composite cermet anode aimed to produce
homogenous mixture of NiO and YSZ starting powder. Synthesis method of
Ni/YSZ cermet anode affects the powder morphology (agglomeration, surface area,
crystallinity) and phase distribution (distribution of NiO and YSZ). Several synthesis methods have been developed over the years in research such as mechanical
processing, combustion synthesis, precipitation, spray pyrolysis, Pechini process,
electroless technique, etc. [22]. However, most researches uses mechanical mixing
method as it is well established, easy and convenient for industrial production.
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The conventional method used over the years was mechanical mixing method
using NiO and YSZ starting material. The milling process exerts a high shear and
compression force which attached the fragmented mixing powder [22]. The mixing
powder were usually mixed in an aqueous medium of ethanol (wet milling) and
milled with zirconia balls for a minimum duration of 12 h before casting the
Ni/YSZ composite. The examples of casting methods then include die pressing,
tape casting and gel casting.
Cho and Choi [23] have compared the effect of milling methods on the performance of Ni/YSZ anode cermet. It was found that high energy milling as such
gives a smaller and homogenous particles size with a uniform distribution of Ni in
comparison with ball milling. This helps to improve electrochemical activity with
small polarization anode resistance and long-term Redox stability [22].
Furthermore, fuel cell prepared using high energy milling gives a much higher
maximum power density—850 mW/cm2 in comparison to ball milling which only
provides maximum power density of *500 mW/cm2.
Another study has compared wet milling (with ethanol) and dry milling (without
ethanol) in terms of electrical conductivity and surface morphology. It was found
that wet milling gives a much higher electrical conductivity at 5  102 Scm−1 in
comparison to dry milling at 1.6  10−7 Scm−1. This is mainly due to the fact that
during wet milling, Ni particles cover only partially the YSZ material whereas
during dry milling, YSZ is completely hindered [24].

6.3.2.2

Effect of Ni/YSZ Composition Ratio

Composition ratio of Ni/YSZ cermet anode is a main factor that influences the cell
performance. Several studies have been conducted in the past years, focusing on the
composition ratio of Ni/YSZ in terms of weight percentage ratio (wt%) or volume
percentage (vol%) ratio of starting powder NiO to YSZ. Most of these studies were
conducted to investigate the effect of the composition ratio on the cell performance
with respect to power output, IR resistance, polarization resistance, electrical
conductivity, open porosity, flexural strength, etc.
In the year of Koide et al. [25], carried out an extensive study on cell performance by obtaining power output, IR resistance and polarization resistance as a
function of Ni/YSZ volume ratio. It was found that the maximum power output
increases linearly with the volume percentage of Ni in anode. It was found that the
IR resistance decreases as volume percentage of Ni increases. This was justiﬁed by
the reduction of contact resistance between electrolyte and anode. Besides, polarization resistance increases with volume percentage of Ni due to increasing number
of reaction sites [25]. However, minimal polarization resistance was observed at
40 vol% of Ni.
Furthermore, Aruna et al. [20] conducted a study on different volume percentages
of Ni, ranging from 15, 30 and 50 vol%. It was found that conductivity increases
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with increasing temperature at low Ni content at 15 and 30 vol%. However, at
50 vol% conductivity decreases exponentially with increasing temperature. This
shows that too high of Ni content (50 vol%) causes the anode cermet to exhibit
undesirable metallic behaviour undesirable. Meanwhile, an increasing trend was
observed on the thermal expansion as Ni content increases from 10.4  10−6 K−1,
11.64  10−6 K−1 and 13.20  10−6 K−1 respectively at 900 °C. The researchers
have concluded that 30 vol% Ni was in fact the best composition ratio as it gives the
highest electrical conductivity at 40 S/cm with low thermal expansion coefﬁcient
which is comparable with YSZ electrolyte at 900 °C [20].
The optimal range of anode porosity was found to be from 30 to 40% since these
values enable lower expansion (lower than expansion limit of 0.2%) and provide
sufﬁcient mechanical support for the cell [7, 26]. A linear equation was generated
by He et al. [27] which expressed anode open porosity as a function of Ni vol%
which is: P = 0.694 X + Po where P is the open porosity, Po is the initial porosity
before reduction and X is the Ni vol%.
As the open porosity increases with increasing Ni vol%, the density of anode
decreases and eventually causes a decline in flexural strength. The curve of flexural
strength against Ni content shows a decreasing inflexion between 60 and 65 wt%
Ni. In addition to that, electrical conductivity of the cermet anode was found to
increase as Ni content increases showing ‘S’ shaped curve with an inflexion at
40 vol%. An optimal Ni content was important to ensure to achieve the ideal
porosity with high flexural strength, power output and electrical conductivity [27].

6.3.2.3

Effect of Grain Size

Microstructural properties of anode—grain size of the starting powder is yet another
factor which influences the cell performance and mechanical strength of anode
layer. Yu et al. [28] have studied on the electrical and mechanical properties of
Ni/YSZ cermet by varying the porosity by varying the amount of carbon black
pore-former into the cermet. Besides that, different combination of NiO and YSZ
grain size (coarse and ﬁne) were tested.
In terms of electrical conductivity, it was found that similar graph of conductivity as a function of temperature shows that conductivity increases with temperature. It was found that ﬁne NiO powder (0.878–0.839 µm) gives relatively higher
conductivity in compared to using a course NiO powder (averagely 5 µm) in the
cermet. Meanwhile, in terms of mechanical strength, a ﬁne NiO powder does not
always gives a strong anode cermet. Yu et al. [28] concluded that coarse YSZ with
ﬁne NiO cermet gives a high electrical conductivity but has poor fracture strength.
However, ﬁne YSZ with coarse NiO which gives low electrical conductivity gives
with high fracture strength.
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Nickel/Gadolinium-Doped Ceria (Ni/GDC)
Cermet Anode

Nickel/Gadolinium-doped Ceria, Gd-doped CeO2 (Ni/GDC) cermet anode were
another alternative Ni-based cermet anode commonly used for the anode layer of
SOFC. Ni/GDC cermet anode hopes to reduce the operating temperature of SOFC
as the operating temperature using Ni/YSZ cermet anode were as high as 800–
1000 °C. This is because GSC is a better oxygen ionic conductor than YSZ. GDC
exhibit a higher ionic conductivity than YSZ at temperature range of 300–700 °C
causing this material to be suitable to replace YSZ [29]. The oxygen ionic conductivity of GDC were reported to be 0.01, 0.025 and 0.054 S/cm at 500, 600 and
700 °C respectively [30].
As replacing GDC helped in decreasing the operating temperature of SOFC,
oxygen ions diffusion were hindered causing the effective reaction sites only at the
interface between the electrolyte and anode. However, a lower operating temperature reduces operating cost and reduces safety issue. Hence, efforts were made to
increase the TPBs by using nanoparticles of starting powder which is nanosized
GDC and NiO [30].

6.3.3.1

Synthesis of Ni/GDC Cermet Anode

Similarly to Ni/YSZ cermet anode, Ni/GDC cermet anode was synthesized through
homogenous mixing of starting powder of NiO with GDC. The conventional
synthesis method is still mechanical mixing method—similar to the synthesis of
Ni/YSZ cermet anode. However, mechanical mixing does not provide a homogenous composite of Ni/GDC and this subsequently causes poor anode performance
[30]. Combustion synthesis has showed promising results as it gives a homogenous
composite with a shorter synthesis duration which hopes to surpass the conventional synthesis method.
Combustion synthesis methods were commonly adapted for the synthesis of
ultraﬁne ceramic powder with high porosity. This method employed the large
exothermicity of reaction for self-sustainable propagation at a relatively high speed
of 0.1–10 cm/s and combustion temperature between 1500 and 3500 °C.
Combustion synthesis method highly dependent on the enthalpy temperature of
combustion and combustion rate which due to the nature of the fuel and oxizer to
fuel ratio (O/F). Fuel such as carbohydrazide were used to improve the crystallinity
of composite, high surface area and homogenous distribution of material [22].
Citrate/nitrate gel combustion was frequently used as a type of combustion
synthesis method. Zupan and Marinsek [29] conducted this combustion synthesis
by mixing nickel nitrate solution, cerium nitrate solution, gadolinium nitrate solution, nitric acid and citric acid. This mixture then formed a gel at 60 °C under
vacuum. The gel will then milled and uniaxially pressed into pellet form before
undergoing an auto-ignition reaction from the pellet top [29].
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Electrolyte

6.4.1

Yttria Stabilized Zirconia (YSZ)

In natural state, ZrO2 appears to be a lustrous, greyish white solid metal. Within the
lattice of a room temperature stable ZrO2 is a series of strong covalent Zr-O bonds
which result in a sevenfold coordination number. This arrangement, however can
only be offered in monoclinic form [31]. In order to achieve desirable forms of
stable sintered ZrO2, i.e. with tetragonal or cubic lattice, it needs to be heated to an
extremely high temperature—up to 2370 °C [32]. Tetragonal or cubic lattice
structure of ZrO2 brings many high functional qualities—high temperature and
corrosion resistance, exceptional fracture toughness, etc. Had it been that a doping
process is absent, the transition from tetragonal or cubic Zirconia into monoclinic
form is inevitable. Stabilization was thus essential by replacing Zr4+ with ion that
contains lower valency and at larger ionic radius. The doped end product is then
able to sustain high temperature forms even at room temperature. Furthermore, due
to substitution of Zr4+ with Y3+ at lower valency, vacant points are created
throughout the lattice and this in turn provides electrical conductivity.

6.4.1.1

Properties of YSZ

n lead with rapid, continuous development of SOFC, the properties of sintered YSZ
has been studied extensively over the years, from electrical conductivity to structural strengths and physical properties like speciﬁc heat, crystal size, water
absorption, etc. In this section, we focus on the understanding the link between
manipulated preparation parameters on the resulting properties of YSZ.

Effect of Yttria Molarity on Grain Size
The molarity of Yttria directly affects the hydrodynamic diameter, Dhydrodynamic of
nanocrystallite YSZ. In a study conducted by Sato et al. nanocrystallite YSZ was
prepared in varying content (3, 6, 8, 10 and 12 mol%). It was then generalized that
at higher YSZ concentration, Dhydrodynamic decreases accordingly. For instance, in
the reaction set of 3 h hydrothermal treatment, the reduction in Dhydrodynamic is
noticed to be as large as 85%.

Effect of Sintering Temperature
In a study to investigate the activation energy for grain growth in nanocrystallite
YSZ, Shukla et al. tested the effect of calcination temperature on the resulting sizes
of 3 mol% YSZ (3YSZ). As a result, it was found that the nanocrystallite size of
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Fig. 6.3 Cubic lattice
structure of YSZ. (Green
spheres Zr4+, blue spheres
Oxygen2−, red spheres Y3+)
(Department of Materials
Science and Metallurgy [67]

3YSZ increases with rising calcination temperature. This phenomena stems from
the fact that at higher calcination temperature, a larger oxygen-ion vacancy is being
generated which leads to a much reduced activation energy value. During calcination, the boundaries of weakly agglomerated nanocrystallite YSZ were broken
down to form a collection of larger grains. By identifying the sizes of nanocrystallite 3YSZ at different calcination temperature, Shukla et al. further postulated the
value of activation energy, i.e. 13 kJ/mol 3YSZ [31]. In conclusion, at a higher
sintering temperature, larger oxygen ion vacancy is generated which simply implies
higher electrical conductivity upon the introduction of fuel gas once applied in an
SOFC. However, a balance must be strike between the sintering temperature and
grain size in order not to allow the resulting SOFC electrolyte to be excessively
porous (Fig. 6.3).
In a separate study conducted by Courtin et al. the comparison between sintered
YSZ and ZrO2 was made. It was well evidenced through characterization of the
nanopowders that at higher temperature, more crystals were formed and that the
onset of crystallization only occurs at a higher temperature (900 °C) for doped
zirconia, in comparison with ZrO2 (600 °C). Results from this study was tabulated
in Figs. 6.4 and 6.5. By keeping constant the molarity of YSZ, it was observed that
electrical conductivity increases with temperature. Another signiﬁcant ﬁnding is
also the direct correlation between YSZ pellet density and electrical conductivity.

6.4.1.2

Synthesis of YSZ

Conventionally, SOFC works at an extremely high temperature, i.e. above 850 °C.
Therefore, in order to prevent the stack cell from rapidly degrading and to save cost
from expensive interconnect materials designed to endure high temperature, new
methodology of synthesizing YSZ is crucial. Furthermore, the synthesis methodology is directly linked to cell performance. Ideally, an optimized YSZ electrolyte
have the following key features: it must not be porous so as to disallow permeation
of gases from one side of electrolyte to the other; it must be uniformly thin at
approximately 10–20 lm to minimize ohmic losses.
Generally, past literatures on this topic is subdivided into 2 main categories, each
targeting a different requirement on particle size. The ﬁrst category—the synthesis
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Fig. 6.4 Relationship between molarity of YSZ and electrical conductivity; relationship between
pellet density and electrical conductivity [33]

Fig. 6.5 Relationship between molarity of YSZ and grain size; relationship between grain size
and electrical conductivity [33]
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of YSZ nanoparticles aims to produce what conventionally termed the ‘binder’. In a
study conducted by Zhao et al. the ideal grain size should fall below 10 nm in
pursuance to facilitate densiﬁcation of the ﬁlm. The second category—the synthesis
of composite sol aims to produce an electrolyte ﬁlm, which typically is a mixture of
commercially available YSZ powders and the ‘binder’. Through dip coating, the
ﬁlm can be deposited onto YSZ-NiO cermet [33]. In most cases dealing with sol–
gel method, a single coating of YSZ is very thin (less than 1 lm), which would
result in at least above 10 layers of coating in achieving the ideal thickness required.
However, due to the cubic cyrstal lattice structure of YSZ, multiple coatings have
often result in formation of cracks.
In most cases, electrolyte has been fabricated using electrochemical vapour
deposition process (EVD). Other non EVD techniques have also been established as
successful methodology for example plasma spraying, colloidal/electrophoretic
deposition, hydrothermal reaction. Sol–gel method with sacriﬁcial template, etc. [34].

Hydrothermal Method
Hydrothermal process is generally used to synthesize high quality crystals in an
environment of hot water temperature and high pressure. It is a method commonly
use to dilute a substance that under normal condition is not soluble in water. In
many of these processes, the governing parameters include pH, temperature,
pressure and duration of heating. The use of a hydrothermal method in the synthesis
of YSZ presents many beneﬁts: lower operating temperature (around 200 °C),
higher yield, crystallization and growth in batch [35, 36]. Its drawbacks, however,
lies in the tendency of uncontrollable nucleation and aggregation due to inherent
creation of surface oxygen sites on YSZ molecules. In aims to alleviate this issue,
researchers, on their published work on hydrothermal YSZ synthesis through
varying the types of precursors and co-solvents employed as well as adapting a ﬁnal
aggregation disruption mechanism into the overall methodology. For instance, in
Guiot et al. [35], has successfully synthesized single nanosized YSZ by adding an
ultrasonic stirring on the resulting supernatant solution. As a result of the 2 h
ultrasonic stirring, the size of YSZ nanoparticles show a drastic mark of decline—
from 90 to 9 nm [35].
Separately in Sato et al. [36], devised their synthesis method based on carbonate
Zr4+ and Y3+ complexes precursor and N(CH3)4+ as anionic ligand [36]. In comparison to past experimental works, their results indicate higher yield (>80% yield
of YSZ nanocrystals, twice as much then the yield by Goto et al. using nonhydrolytic sol–gel approach and the hydrothermal method in the absence of anionic
ligand by Guiot et al. as described above), tunable Y2O3 content as well as
non-aggregation [37]. More importantly, narrow size distribution amongst the
samples reflect controlled nucleation via the devised method. The average size
range for 8 mol% YSZ at 150 °C mixing temperature is with 5 nm.
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Sol–Gel Method
The main differences between a hydrothermal and sol–gel method is in the
manipulation of temperature and pressure absent in the latter. Moreover, the sol–gel
method begins with a colloidal solution, much different from the utilization of water
reagent in a hydrothermal process. Taking exemplar the experimental work published by Courtin et al. [33], the sol–gel strategy was found to enable a good control
in solution homogeneity and stability—YSZ sol did not gelify even after months
put under ambient conditions [33].
Upon mixing with commercial YSZ powder, a dispersant (Triton X) and an
alcohol (Ethylene Glycol), the YSZ sol was used to produce a composite mixture
for the formation of thin YSZ ﬁlm—a prerequisite in dip coating YSZ-NiO cermet.
Zirconium propoxide and yttrium was used as the precursor whilst acetylacetone
acts as a complexing agent in restraining the reactivity of zirconium propoxide with
ambient moisture. YSZ sol was then prepared by mixing the zirconium precursor
with HCL-added water. Results indicate that at 7% doping molarity, the powders
exhibit tetragonal phase lattice structure. By identifying IR spectra at 1400 and
1550 cm−1, it is deduced that yttrium carbonate was formed.
In a most recently published paper by Hao et al. YSZ was also synthesized via
sol–gel method, which in later gets incorporated into an anodic alumina oxide
(AAO) as a sacriﬁcial template. Upon evaporating at the sintering temperature—
650 °C. YSZ nanoarray was formed as a result of the AAO template. During the
experiment, Zirconium nitrate and yttrium nitrate were employed as precursors and
were dissolved in ethanol. They were subsequently added with HNO3 to preclude
aggregation from occurring. The mixture was heated under continuous stirring until
it becomes a homogeneous sol. After ageing for 2–3 days at room temperature, the
sol turned into gel which is then brought forward for calcination [34]. Results
indicate that the nanocrystalline size of YSZ nanopowder was at 20 nm whereas in
nanoarray form, it has a typical diameter of 400 nm.

Electrospray Flame Synthesis Method
In contrary to all the prevailing wet chemical synthesis routes, vapour-based synthesis such as the electrospray flame deposition is relatively undeveloped.
Theoretically, vapour-based synthesis enables high dispersion of small sized particulates and fast yield, given that the electrospray flame synthesis system incorporates large number of droplet emitters. However, most of the precursor chemicals
for transition metal oxides decompose at high temperature and aggregation is very
likely to occur. In the published work by Geier et al. YSZ was ﬁrst prepared by
mixing zirconium propoxide and yttrium methoxyethoxide into ethylene glycol.
The mixture is then sprayed into the post flame region that exists at temperature of
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2300 °C. An electrospray flame synthesis system was designed to direct the collection of particulates on a piece of silicon wafer. Results indicate that the particulates were mainly aggregates (size  1 lm) from a collection of indistinguishable
nanoparticles (100 nm) [38]. However, this strategy was able to create the cubic
fluorite lattice structure that is desirable for nanosized YSZ.

6.4.1.3

Other Materials

Zirconia-Based Electrolytes (Other Dopants)
The variation of zirconia-based electrolyte builds on the usage of different dopant.
Accumulative studies point out that maximum ionic conductivity is attained when
the concentration of dopants approximate to its minimum required concentration,
known as the low stabilization limit. By this concentration, the cubic fluorite
structure of crystal lattice can be preserved by precluding the association between
dopant cations and oxygen vacant sites [39]. Moreover, the tendency of this
association is also affected by the difference between the ionic radius of host and
dopant. In a study conducted by Yamamoto et al. maximum ionic conductivity of
SOFC increases in the order of Ln = Sc3+ > Yb3+ > Er3+ > Y3+ when used to set
up electrolyte ZrO2-Ln2O3 [40]. This ﬁnding is aligned with the increasing trend of
ionic radii: Sc3+ = 0.745 Å, Yb3+ = 0.858 Å, Er3 = 0.881 Å and Y3+= 0.9 Å. In
comparison, Scandium’s ionic radii has the closest proximity towards Zr2+
(0.72 Å).

Ceria-Based Electrolytes
A high operating temperature (1273 K) is essential to create high power density in
YSZ-based SOFC. This inherent limitation leads to high operating cost as well as
material cost. In order to operate SOFC at a lower temperature, other materials have
to be considered. An instance of this material is Ceria doped with Gd or Sm.
Ceria or cerium dioxide is a rare earth metal cerium oxide which naturally
appears as a pale yellowish white substance. In contrast to Zirconia, Ceria exhibits a
fluorite lattice in normal conditions. It then relies on dopants to enhance its ionic
conductivity through an extended electrolytic region. This ability then allows it to
operate at a temperature at an intermediate range (500–650 °C). The setup of ceria
based electrolyte is commonly abbreviated as CGO. For example, Ce0.9Gd0.1O1.95
is also known as CGO10. According to a study conducted by Viskup et al. ionic
conductivity of CGO is 0.01 Scm−1 at a temperature of 833 K. Comparatively,
8YSZ exhibits only 0.006 Scm−1 when operating at this temperature.
In a reducing condition at the anode of SOFC, large amount of oxygen vacant
sites are formed and Ce4+ oxidizes to Ce3+. The increase of electrons release
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Fig. 6.6 Typical
representation of a perovskite
ABO3 crystal lattice structure
where A (Orange spheres)—
La, (Black spheres) B—Ga
and O—Oxygen ions

encourages n-type electronic conductivity which culminates to short circuit in the
cell as well as mechanical failure due to lattice expansion [39]. This problem can be
overcomed by combining CGO with other electrolyte such as YSZ or doped lanthanum gallate in a multilayer cell, however at the expense of lower performance
due to formation of microcracks, by-products at the interface of solid–electrolyte,
etc. [39, 41].

Lanthanum Gallate-Based Electrolyte
Lanthanum gallate-based, LaGaO3 electrolyte naturally exhibits a perovskite type
ABO3 phase as shown in Fig. 6.6. Similar to CGO, it exhibits ionic conductivity in
an intermediate temperature range, i.e. 770–1100 K. However, it has an added
advantage as it possesses lower thermal expansion and therefore higher mechanical
strength at high temperature.
In the many years of research built upon this material, it was found that oxygen
ionic conductivity can also be enhanced by replacing La with alkaline earth element
or divalent metal cations [39]. In particular, doping the electrolyte with Sr leads to
better performance compared to Ca or Ba dopant due to minimum lattice distortion
[42]. In a study conducted by Ishihara et al. [42] it was shown that by changing the
dopant from Ca or Ba into Sr, it resulted in approximately 30% increase in electrical
conductivity. Nonetheless, the stoichiometry of Sr in La0.9MxGaO3 where
M = Sr/Ca/Ba should be maintained at x = 0.1 to prevent the formation of impure
crystal phases such as SrGaO3 and La4SrO7. The occurrence of these phases should
be prevented as their electrical conductivity is relatively low. Meanwhile, the effect
of cation dopant is much more distinct as we observe a ninefold increase in electrical
conductivity when Mg cation was employed. It was also through the same study that
it was found at 1250 K, the electrical conductivity of La0.9Sr0.1Ga0.9Mg0.1O3 is at
0.25 Scm−1 whereas La0.9Sr0.1GaO3 is only at 0.025 Scm−1.
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Cathode (Air Electrode)

6.5.1

Strontium-Doped Lanthanum Manganite (LSM)

For many years, studies on LSM based cathodes for SOFC have been performed
extensively. Strontium-doped Lanthanum Manganite or also known as LSM
(La1−xSrxMnO3−d) has been proven as excellent cathode material for
high-Temperature SOFC (800–1000 °C) [43]. LSM are perovskites material that
exhibits excellent electrochemical performance, thermally and chemically stable,
and has good compatibility with YSZ electrolyte [44]. LSM cathode were generally
synthesized using tape casting method by suspending LSM powder in water, sintering, and further mixed with binder to cast LSM tape [45].
Performance of LSM cathodes were generally rated by the rate of oxygen
adsorption and dissociation at the interface [46]. Despite of desirable compatibility,
LSM and YSZ reacts on the interface of the cell forming Lanthanum Zirconate at
high temperatures decreasing the active site for dissociation and adsorption [47].
Due to this major drawback, a lot of studies has been reported to analyse and
improve the electrode performance structurally, chemically and electrochemically.

6.5.1.1

Synthesis of Strontium-Doped Lanthanum Manganite

Research on synthesis of LSM powder has been studied through various routes.
LSM powder has been successfully synthesized by Pechini method, spray pyrolysis, sol–gel, glycine nitrate, etc. [48]. Pechini route of synthesis also known as
amorphous citrate method were done by dissolving metal salts to citric
acid/ethylene glycol solutions, followed by evaporation, and decomposition to
obtain metal oxide [49]. Spray pyrolysis require aqueous metal nitrates to be
sprayed in a pyrolysis chamber introducing atomization and decomposition of the
sprayed solutions during the spraying [50]. Sol–gel method generally requires
precursors to create gel medium with metal nitrates, and then followed by gel curing
and thermal annealing to obtain metal oxides [51]. Glycine-nitrate or also known as
solution combustion requires combination of oxidant and fuel to initiate combustion
to form metal oxide [48]. Most synthesis method requires decomposition of precursors which require high amount of energy consumption for annealing which is
not cost effective.
Solution combustion method does not require annealing, as the combustion of
the fuel accommodate the formation of metal oxides. Synthesis reported by Saha
et al. [48] safely produces nano-size particle of LSM powder about 12 nm
agglomerated particles which can be scaled up due to gradual combustion without
causing ﬁre and explosion hazard [48].
On the other hand, Moriche et al. reported another sustainable method of producing LSM powder through mechanosynthesis route. Mechanosynthesis is a
simple process which utilizes high energy ball mills allowing production of
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nanostructured mixed metal oxides at ambient temperature and pressure [52]. LSM
powder were synthesized by mixing all the metal oxides of La, Mn, and Sr into
planetary ball mill by adjusting individual ratio of metal oxides [53]. However there
is no reported size distribution on the synthesis of LSM powder by mechanosynthesis route.

6.5.1.2

Effect of Microstructural Properties of LSM Cathode
and Electrochemical Performance

Reported studies on LSM/SDC [54] composite cathode, highlighting the dependence of electrochemical performance of cathode layers to the microstructure of
cathode’s three phase boundary (TPB) showed that increasing particle size of LSM
powders on LSM/SDC composite cathode showed increase in maximum power
density and decrease on electrode polarization resistance. Larger LSM particle size
allowed more interaction at the Cathode–Electrolyte interface, promoting more
active site for oxygen reduction and ease of gas diffusion [44].
On the other hand, another studies has been done on LSM/YSZ bi-layer electrodes Choi et al. [55] reported that larger LSM particles showed lower and more
stable activity over a longer period of time, as there were less degradation of the
active site due to high operating temperature compared with smaller LSM particle
size.
Based on the two ﬁndings, there would be a trade-off between active sites and
degradation rate based on LSM particle size on LSM-composite electrodes.
Particles with optimal size would results in considerably stable and durable active
site.

6.5.1.3

Effect of Variation on Sr Composition Ratio on LSM Powder

Varying molar ratio of Sr(x) on synthesis of LSM (La1−xSrxMnO3) powder showed
different electrochemical properties of cathode cell. LSM powders with Sr contents
(x = 0.25) reported to have electrical conductivity of *200 Scm−1 and polarization
resistance of less than 0.5 Ωcm2 at 800 °C through mechanosynthesis method [48],
similar to LSM powder synthesized by pechini method which results in conductivity of 200 Scm−1 with polarization resistance of 0.07 Ωcm2 at 800 °C with Sr
ratio of 0.25 [56]. Both synthesis method proven to be more superior compared to
other synthesis method routes at the same temperature, such as co-precipitation
synthesis of LSM which reported to have conductivity of 65 Scm−1 with Sr ratio of
0.15 [57], solid-state reaction and combustion method reported to achieve polarization resistance of 13.05 and 12.64 Ωcm2 and electrical conductivity of
3.0  10−4 Scm−1 for both at Sr ratio of 0.2 [58]. Other Studies has reported that
ideal ratio of Sr ranges from 0.25 to 0.4 to achieve ideal cathode performance with
high conductivity and low polarization resistance [59].
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Table 6.2 Synthesis method and notable improvement of cathode performance
Modiﬁcations

Synthesis method

Notable improvement

Silver modiﬁed
La0.8Sr0.2MnO3
[69]
Doped Ceria LSM
composites [70]

Citrate sol–gel LSM powder synthesis followed
by ultrasonic assisted ammoniacal silver nitrate
reduction
Cold isostatic pressing of Ceria-LSM

LSM-GDC
composite [71]

Gd0.2Ce0.8(NO3)x solution impregnation into
LSM powder

• Lower polarization
resistance (Rp) of
0.45 Ωcm2 at 750 °C
• Increase in thermal
stability at higher
temperature
• Lower polarization
resistance (Rp) of
0.6 Ωcm2 at 750 °C

6.5.1.4

Effects of Modiﬁcation of LSM Based Cathode

There are more studies has been performed to further improve the performance of
LSM based cathode by introducing additional materials to LSM cathode. Some
studies has reported changes and notable improvements of the cathode performance
as discussed on Table 6.2.

6.5.2

LSCF

LSCF (La1−xSrxCo1−yFeyO3−d) is a type of perovskite containing ferric and cobalt
that has been proven to exhibit high electrocatalytic activity and oxygen permeability [60]. These properties attract studies to be performed as potential material for
metal oxide SOFC. LSCF based cathodes has higher performance on lower temperature range (700–800 °C) making it an ideal base material for Intermediate
Temperature SOFC [61] compared to LSM which are not really satisfactory at
intermediate temperature operation. Despite of its high performance on lower
temperature, LSCF based cathode exhibit higher TEC (>17  10−6 K−1) [62]
compared to YSZ electrolyte (10.8  10−6 K−1), which caused thermal expansion
mismatch between cathode–electrolyte interface. Therefore studies has been performed to accommodate this problem by introducing modiﬁcations on the interface
layer of cathode–electrolyte (Tables 6.3 and 6.4).
Table 6.3 BET surface area
comparison of different route
of LSCF synthesis

Synthesis method

Surface area (m2/g)

Co-precipitation
Drip pyrolysis
Citrate gel

*1 to 4
*6
17.4
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Table 6.4 Effect of different ratio of Sr towards TEC and polarization resistance at 800 °C
x (Srx)

TEC (10−6 K−1)

Rp @ (Ωcm2)

Conductivity (Scm−1) [61]

0.5
0.4
0.2

–
17.5
14.8

0.211
0.325
0.493

115
–
24

6.5.2.1

LSCF Powder Synthesis Methods and Surface Properties

LSCF powder synthesized similarly to LSM powders mentioned on the earlier
section of this chapter. Study done by Rebecca et al. discuss the effect of different
route of LSCF (La0.6Sr0.4Co0.2Fe0.8O3−d) synthesis at constant sintering temperature (1000 °C) onto the surface area properties of the powder [63].
Citrate gel process indicates best surface area of LSCF powder, which supposedly will improve electrocatalytic activity and oxygen permeation [64].

6.5.2.2

Effect of Compositional Ratio of LSCF on Cathodic
Performance

Performance of LSCF cathode based on compositional ratio of the perovskites has
been studied by Mai et al. by varying the composition of Sr (x) in the perovskite
powder and keeping the composition of Co and Fe constant [62].
Decreasing ratio of Sr in LSCF shows decrease on thermal expansion coefﬁcient,
increase on polarization resistance of the cathode, and reduction in conductivity,
similarly reported by Dutta et al. [61]. Moreover, Studies performed by Dutta et al.
[61] includes variation of Fe ratio on LSCF with similar trend.

6.5.2.3

Modiﬁcations of LSCF Based Cathode

Due to mismatch of TEC between LSCF and YSZ electrolyte interface, modiﬁcations of LSCF based cathode are introduced. Interlayer between the interface
made from CGO (Ce,Gd)O2−d was introduced as buffer layer to reduce difference in
TEC under mechanical stresses and to prevent reactions between cathode and
electrolyte on interface [65].
Several studies has reported on surface modiﬁcation of LSCF by inﬁltration of
LCC (La1−x−yCaxCeyO2−d) onto LSCF cathode resulting on cathodic polarization
reduction by *60% [66] and LSM inﬁltration enhances cathodic activity and
stability [43].
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Conclusion

Composite materials were found in all the three layer of SOFC and each composite
exhibit unique properties and characteristic as it played different roles in the fuel
cell. In the anode, Ni is the main component of the anode layer due to its high
electrochemical properties. The synthesis of NiO nanoparticles were widely studied
as it is one of the starting material of anode composite. Synthesis method such as
hydrothermal, co-precipitation and sol–gel were commonly in research. NiO successfully synthesis via these method has particles size of 10–20 nm. From literature, a smaller initial NiO size gives a higher electrical conductivity synthesize NiO
to be ideal for anode composite materials.
NiO/YSZ cermet anode were widely studied anode composite material.
Mechanical mixing method of starting material NiO and YSZ were discussed due to
the versatility of the method. It is reported that high energy milling were better than
ball milling as it reduces the size of Ni with a uniform size distribution. The power
output of NiO mill via high energy milling were higher than ball milling. In
addition to that, wet milling and dry milling were compared in term of cell performance and morphology. Wet milling proved to give a much higher electrical
conductivity compared to dry milling as the Ni particles partial cover the YSZ
materials instead of fully covering the YSZ materials which will hinder
conductivity.
The effect of Ni/YSZ composition ratio and grain size of the starting material
were studied mainly on cell performance (power output), electrical conductivity and
mechanical strength. Studies has showed that increasing Ni content increases the
maximum power output, decreasing IR resistance and increasing electrical conductivity which is ideal. However, thermal expansion and porosity increase as Ni
content increase causing the Ni/YSZ cermet to have low flexural strength.
Meanwhile, the effect grain size of NiO and YSZ showed that a ﬁne NiO shows a
higher electrical conductivity when in compared with a course NiO. Moreover, it is
found that ﬁne NiO with course YSZ which gives a high electrical conductivity but
has poor mechanical strength. Inversely, a course NiO with ﬁne YSZ give high
mechanical strength but exhibit low electrical conductivity.
Beside Ni/YSZ cermet anode, Ni/GDC cermet anode is a common anode
composite to reduce the operating temperature of SOFC from 800–1000 to 500–
800 °C. This is because GDC gives a higher ionic conductivity than YSZ at lower
temperature which is from 300 to 700 °C. In the synthesis of Ni/GDC, it is found
that solution synthesis method could surpass the conventional mechanical mixing.
Conventional mechanical mixing for Ni/GDC cermet anode does not give
homogenous Ni/GDC composite which reduces the cell performance.
In electrolyte, YSZ has been rendered a dominant electrolyte material in SOFC
because progress in this ﬁeld started from a high temperature setup and Zirconia is
conventionally a compound that endures extremely high temperatures. Doping
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Zirconia with Ytrrium helps to enable electrical conductivity since oxygen vacant
sites are available throughout the lattice structure. Moreover, this doping process
preserves the tetragonal lattice which would otherwise be monoclinic in room
temperature. Advantage of using YSZ also lies in the fact that it has high
mechanical strength, high resistance towards extreme temperature and corrosion.
Nonetheless, this set up is by itself, flawed due to high operating cost and material
cost. Available methods of synthesis then include sol–gel, hydrothermal, electrospray deposition, etc. In particular, sol–gel and hydrothermal are typical methodologies employed in synthesizing thin ﬁlms of electrolyte onto anode–electrolyte
cermet due to its ease of synthesis, lower possibility of aggregation, high yield and
that it enables fabrication of nanoparticles. Both methodologies are capable of
producing nanopowder between 2 and 50 lm. The motivation to transition from
high temperature SOFC to intermediate/low SOFC has motivated the emergence of
other electrolytes such as ceria and gallate based, both belong to the same family of
lanthanide. In order to synthesize ceria-based electrolyte, ceria is typically doped
with either Gd or Sm at an optimum stoichiometry of Ce0.9Gd0.1O1.95 (known as
CGO20). Since CGO exhibit fluorite lattice at a lower temperature, its ionic conductivity is higher compared to YSZ at a lower temperature. In comparison with
gallate-based electrolyte, however, it has relatively lower resistance towards high
temperatures. From the accumulative studies on SOFC electrolyte, we have an
abundance of evidence and justiﬁcation on each material’s strong and weak points.
Thence, the design of an SOFC electrolyte should be versatile by incorporating the
strengths of different metals and dopants to reach criterion that best suit the overall
SOFC.
Several studies regarding SOFC cathodes has been reviewed on this chapter.
Two major perovskite for SOFC cathode materials (LSM and LSCF) has been
investigated. LSM cathode has advantages on thermal stability due to its close TEC
with electrolyte materials and high oxygen activity at high operating condition
(800–1000 °C), making it feasible for High-Temperature SOFC, but however due
to demand in low cost SOFC, advancements in SOFC demand in lower operating
temperature to lower operational cost due to heating. This problem has been
addressed by studying the structural properties, synthesis routes, compositional
gradient of LSM, as well as modiﬁcations on LSM cathode.
On the other hand, LSCF cathode advances LSM in terms of operating temperature. LSCF has higher conductivity and oxygen activity at intermediate temperature range (700–800 °C), which made it vastly developed as cathode precursor
for intermediate temperature SOFC. But however, thermal expansion of LSCF
cathode differs from majority of electrolyte materials, causing failure to the
assembled cell due to thermal expansion mismatch. Similar investigations have
been done on LSCF to investigate cathode performance, as well as inter-layer
modiﬁcations to accommodate thermal expansion mismatch by adding additional
buffer layer with TEC in between cathode and electrolyte, as well as cathode–
electrolyte composite materials to improve thermal stability of the cell.
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Chapter 7

A Review of Nanoceramic Materials
for Use in Ceramic Matrix Composites
Steven L. Suib

Abstract Nanoceramics are traditionally used in small-scale electronics application, but other more recent uses include larger strength-providing materials like
those in aircraft engines and aerospace technology. Ceramics have recently become
an ideal candidate for applications that require high temperature, high chemical
resistivity, oxidation resistance, and high thermal conductivity; however, these
applications are limited by the inherent brittle nature of ceramics. One step in
overcoming this issue is through the use of ceramic matrix composites (CMCs),
including ﬁber-reinforced CMCs. These systems are made up of three components,
each made of nanoceramic materials. The inner reinforcing ﬁber, typically fabricated from polymer-derived ceramics, is composed of amorphous to nanocrystalline
ceramic, and provides strength and durability for the composite. The ﬁber is then
coated with an interface, typically applied through chemical vapor deposition. This
interface allows for strengthening mechanisms in the composite including crack
deflection and ﬁber pullout. The ﬁnal component of the composite is the matrix, or
the bulk material. This nanoceramic material is also produced using chemical vapor
deposition and provides the bulk material and strength for the composite. This
review gives an overview of continuous ﬁber-reinforced ceramic matrix composites
made with chemical vapor deposited nanoceramics. Despite this non-traditional
application of nanoceramics, these materials exhibit incredibly desirable characteristics for use in high temperature and high strength applications like those in the
aircraft and engine industries.
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Introduction

This review concerns the synthesis, characterization, and applications of various
ceramic ﬁber composites. A general overview of ceramics will be given including
the above there areas. A section on future possibilities is given at the end of this
article.

7.2

Ceramics

The word ceramics comes from the Greek word Keramikos, which is related to
pottery. Ceramic materials are solids that have high thermal stability and are
composed of either inorganic, nonmetal, or semi-metal species. High melting
points, excellent hardness, and high elastic moduli are prevalent in ceramics. The
bonding in ceramics can be either covalent or ionic. In terms of structural properties, ceramics can be either amorphous or crystalline materials. Examples of
amorphous ceramics are glasses. Ceramics are excellent insulators both electrically
and thermally. One of the key physical properties of ceramics is brittleness. Other
important physical properties of ceramics include mechanical strengths, densities,
toughness, and others.
Chemical compositions of ceramics are vast. Many ceramics are oxide materials,
however nitrides, carbides, silicides, borides, and others exist. Doping of ceramics
is also important in trying to control chemical and physical properties. Various
methods are used to make such materials including sol–gel, chemical vapor
deposition (CVD), chemical vapor inﬁltration (CVI), high temperature mixing, and
others.
Applications of ceramics are numerous. Pottery and China are some of the oldest
applications. Ceramics are used for composites, piezoelectrics, superconductivity,
cutting tools, biological applications like implants, electronics as insulators, in
aerospace, as structural materials, as refractory materials, for burner nozzles, in
rockets, as mechanical bearings, as tiles of many different uses, in armored vests, in
brakes, and many other applications. The primary focus of this chapter will be on
the preparation, characterization, and applications of ceramic ﬁber matrix composites. Most applications of these systems involve high temperature engine parts.

7.3

Ceramic Matrix Composites

Ceramic matrix composites (CMC’s) are ceramic systems that are reinforced by
some secondary phase. Such secondary phases can be ﬁbers, whiskers, and related
materials. The three major parts of a ceramic matrix composite are ﬁbers, matrices,
and interfaces.
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Deﬁnition and Advantages

CMS’s are composites made of ﬁbers that are incorporated into a matrix. Such
ﬁbers can be oxides, carbon, metal carbides, and others. A primary advantage of a
CMC is to improve the brittleness of ceramics and give strength to such materials.
Other advantages include the use of such CMC’s in high temperature applications
such as in furnaces, burners, hot gas ducts, and heating exchangers and other
devices. Figure 7.1 shows a scanning electron micrograph of a CMC. The ﬁber is
reinforcing the composite. The matrix surrounds the ﬁbers with preferably a
homogeneous and uniform coating. The nature of the interface is critical as regards
protection of the ﬁber from degradation. Figure 7.1 shows some voids from
incomplete deposition.
Another major advantage of CMC’s is their use as wear resistant materials. High
performance thermal insulation for tiles used in space, high temperature structural
ceramics like used in heat engine components, and superconducting properties of
some ceramics used in electronic and magnetic devices have generated considerable
attention in recent years. Such structural materials need to be tough and strong in
order to carry loads without any degradation. For large-scale deposition, fabric is
used as shown in Fig. 7.2. Thin coatings, as shown in Fig. 7.2, have birefringence.
Such coatings should be uniform along the whole cloth. This particular coating was
done by mounting the fabric on a mandril and turning to obtain an even coating.
Often this requirement is for high operating temperatures and in challenging
environments. In numerous applications, light-weight and low-density materials are
needed especially in transportation devices. In CMC’s the internal structure of the
composite when carrying a load can stop crack propagation. In general, the bonding
between the ﬁbers and the matrix should be relatively weak for this to occur.
A diagram of some of the toughening mechanisms of CMC’s is shown in Fig. 7.3.
Here, a crack is initiated and penetrates the matrix as well as the ﬁber until cracks
are bridged. One consequence of the crack growth is ﬁber pullout.

Fig. 7.1 SEM image of a
CMC
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Matrix

Fiber

Interface
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Fig. 7.2 Coated SiC fabric

Fig. 7.3 Diagram of ﬁber
pullout and crack bridging

Fiber

Matrix

Crack

Cross SecƟon
7.3.2

Types of CMC’s

Types of CMC’s are related to speciﬁc applications as well as chemical compositions
and resultant properties. Both ceramic and metal matrices are important in composites. Matrices such as oxides, carbides, borides, nitrides, glasses, glass ceramics,
and others can be used. The compatibility of matrices and ﬁbers, and the speciﬁc
application will dictate which matrices and ﬁbers can be used. Glassy ceramics are
formed using a nucleating agent to obtain crystalline materials in a glass. This
combination can lead to materials with numerous possible applications due to tailoring of compositional, mechanical, and thermal properties. Fiber-reinforced glass

7 A Review of Nanoceramic Materials for Use in Ceramic Matrix …

189

and glass ceramic composites have a wide range of coefﬁcients of thermal expansion
important in thermal applications. Fibers are used to reinforce lower strength glass
matrices. Silicon carbide ﬁbers that reinforce lithium aluminosilicate glasses are
some early examples.
Crystalline oxides like SiO2, Al2O3, and others have been used in oxide CMC’s.
Controlling composition and grain structure is often important in order to produce
tough materials. Cutting tools, sporting equipment, and others have been made from
such systems. Enhancing toughness via crack bridging, crack deflection, microcracking, and others can be improved using SiC and other whiskers. A scanning
electron micrograph of a CMC showing ﬁber pullout, crack deflection, and
debonding is shown in Fig. 7.4. These mechanism of toughening can result in very
strong CMC’s.
Changes during thermal processing are signiﬁcant and exactly what happens will
be determined by the type of CMC. High temperature CMC’s usually undergo
particle growth or sintering. Sintering aids like MgO can be used to help the
sintering process, which is important in manufacture of ceramic pottery and other
materials. Hot pressing as well as pressure-less sintering such as molding are used
in sintering of ceramics.
Carbide CMC’s that primarily use SiC ﬁbers are important for high temperature
applications such as for engine parts. Such CMC’s have excellent properties such as
corrosion resistance, oxidation resistance, avoidance of thermal shock, among
others. Nitrides like Si3N4 is used to decrease weight and provide high thermal
stability. Aluminum nitride can also be used, especially in electronic devices where
heat is expelled through this insulating material. The high thermal conductivity of
AlN is critical as well as decent mechanical strength, low dielectric loss, and good
coefﬁcient of thermal expansion (CTE) matching with Si.
Metal matrix composites like Al, Ti, Ni, and Mg in various ﬁbers like Al2O3,
SiC, C, B, and others have numerous applications. Boron ﬁber and BORSIC systems have many structural applications. Titanium-based systems have been used in
space applications due to many attributes such as high creep strength and weldability. In most of the types of CMC’s noted above, the speciﬁc phase of these
materials is often important.

Fig. 7.4 SEM photos of left: ﬁber pullout, middle: crack deflection, right: debonding
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Continuous Fiber-Reinforced

Continuous ﬁber-reinforced CMC’s are often used over discontinuous or
whisker-based systems due to enhanced mechanical strengths. Continuous ﬁbers
have been developed by chemical vapor deposition on tungsten cores. Preceramic
polymers can be drawn into micron size ﬁlaments that are stable in oxidative
environments are easy to process, and can lead to highly pure CMC’s. Some
drawbacks are potential contamination of impurities, multiple phases, and potential
decrease in desirable mechanical properties.
Industrial applications of continuous ﬁber-reinforced CMC’s include advanced
heat engines, liners, and wear parts for combustors in high temperature gas, turbines, and diesel engines; heat recovery equipment for air puriﬁers for use in steel
reheaters; waste incinerator systems for handling purposes in advanced toxic waste
facilities; refractories for furnace linings and heating materials like crucibles; in
burners for high temperature heating; for process reforming like chemical and
petroleum reﬁning; for separations in ﬁlters; and as structural components for ﬁre
equipment, missiles, decking, beams, and others.

7.3.4

Parts of a CMC with Focus on Nanoceramics

A ceramic matrix composite is made up of ﬁbers for reinforcement and strength.
Various matrices are used to coat and protect the ﬁbers. Each of these parts of the
CMC will be discussed in detail below. In terms of nanoceramics, either the ﬁbers
can be nano-size or the matrix components or additives can be nano-size. There are
numerous advantages of using nanosized materials, which have properties that are
very different from bulk materials.

7.3.5

Fibers

An example of a SiC ﬁber spool is shown in Fig. 7.5. Such continuous ﬁbers are
important for numerous applications, especially those in aerospace where large
parts are needed. The processing of the synthesis of continuous ﬁbers is difﬁcult and
only possible in certain cases.

7.3.6

Oxides and Non-oxides

Ceramic ﬁbers and matrices can consist of either oxide or non-oxide components.
In certain cases mixed oxide and non-oxide components can be used, although
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Fig. 7.5 A wound spool of
SiC ﬁber

often when for example an oxide ﬁber like alumina is used, the matrix is also an
oxide. Several examples of these types of systems are given below.

7.3.7

Brands, Diameters and Grain Sizes

Several different types of ﬁbers are available commercially. Oxide ﬁbers having the
Nextel trademark are made by 3 M and have diameters typically ranging from about
8–12 microns. The compositions of such oxide ﬁbers are either mixtures of silica and
alumina or similar materials also including boria or iron oxide. Their densities are
between 2.7 and 3.8 g/cc. Their tensile strengths range from 1.7 to 2.2 GPa.
SiC ﬁbers can be purchased from several sources. Nippon carbide makes a
variety of so-called Nicalon ﬁbers with diameters around 12–14 microns with
densities between 2.6 and 3.1 g/cc. Tensile strengths of these materials range from
2.6 to 3.0 GPa. The trademark Silramic is available from COI Ceramics and contains some B4C, TiB2, and oxygen. Silramic ﬁber diameters are about 10 microns.
Silramic has a density of 3 g/cc and a tensile strength of 3.2 GPa. Tyranno Lox-E
and ZE can be purchased from Ube Industries and have titania and zirconia additives, respectively. The diameters are 11 microns. Their densities are 2.4–2.6 g/cc.
the tensile strengths of Tyranno systems range from 2.9 to 3.5 GPa, some of the
higher tensile strength materials that are available. Tonen makes a ﬁber of SiC with
N, O, and C added with a trademark name of Tonen. These ﬁbers have a 10 micron
diameter. Their densities are 2.5 g/cc and tensile strengths are 2.5 GPa. MATECH
makes a material SiNCX. These ﬁbers have a SiNC composition. The diameters
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Fig. 7.6 Cut SiC ﬁber
strands

range from 12-14 microns. The density of these ﬁbers is 2.5 g/cc. their tensile
strengths are 2.7 GPa. An example of some SiC cut ﬁbers is shown in Fig. 7.6.

7.3.8

Grain Size and Fiber Durability

Grain sizes of ﬁbers can vary signiﬁcantly depending on chemical composition and
other factors. The thermal stability of ﬁbers again depends on parameters like
chemical composition, grain size, protective coatings, and others. The strengths of
ﬁbers are generally studied using tensile strength measurements. Tensile testing can
be used to study strengths of materials before and after deposition on ﬁbers.
Another test often done to study strength is a three-point bend test. Instron
instruments are used for such experiments.
After coating of ﬁbers with an interfacial layer, individual tows are removed and
placed on a substrate in a CVD reactor. A small amount of matric is generally added
using chemical vapor inﬁltration. Such mini-composites can give reliable tensile
strength data. This is extremely valuable and can save time and effort before a full
composites is synthesized. In our laboratory, we have developed a method that
allows tensile strength measurements by mounting tows on a cardboard substrate.
The coated ﬁbers are attached to the cardboard using epoxy resin. In order to
guarantee a uniform breakage of the material, a thin layer of acrylic binder is
applied to the material. Generally a speed of 0.01’/min is used for these studies.
A photo of a used sample is given in Fig. 7.7.
Once tensile strength data are collected of voltage versus cross head displacement, a curve is obtained that can be used to calculate the tensile strength. Weights
need to be calibrated and then converted to ksi. The number of ﬁlaments in a tow
and the cross-sectional area of individual ﬁbers are needed as well. A plot of these
data is shown in Fig. 7.8.
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Fig. 7.7 Design used for
tensile strength measurements

Fig. 7.8 Tensile strength
curve
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7.3.9

Interfaces

Interfaces can enhance bonding of ﬁbers and matrices or enhance debonding. To
make high quality CMCs, the chemical and physical properties of interfaces must
be controlled. Both thermodynamics and kinetics can play a role in determination of
the proper type of interface. The interface can play a role as a diffusion barrier for
protection of the ﬁbers that can degrade from oxygen or water diffusing through the
system, or from the matrix itself. If the interface can be thermodynamically stable
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and chemically inert at elevated temperature, then that can lead to ultrastable
composites. The interface can play a substantial role in enhancing toughness of the
CMC due to control of load transfer between the ﬁbers and the matrix. If there is no
interface to control bonding between the matrix and ﬁbers, then if the matrix binds
too strong to the ﬁber the composite will catastrophically fail. If the matrix ﬁber
bond is too weak, then there is no possibility for ﬁber pullout and toughening
mechanisms. Interfaces control the bonding and debonding interactions between the
ﬁbers and matrix.
Various diffusion barriers have been used including metals, borides, and nitrides.
Low diffusive and highly stable materials like metal borides, nitrides, and carbides
are useful as thermal barrier coatings. Matching coefﬁcients of thermal expansion is
a necessity. Stability of components during deposition is another major factor.
Interfacial barriers like BN and C are often used in such systems.

7.4

CVD Application of BN/Graphite Interfaces

The environment in which the composite will be used is a factor in choosing a
proper interface. The temperature limits of the composite will also be important in
choosing an interface. The nature of the ﬁber and the matrix will also be critical in
choosing an interface since there needs to be chemical compatibility of all these
components. The structure of the interfacial material is another critical parameter.
Chemical vapor deposition (CVD) is often used to form graphite and BN
interfaces in CMC’s. Carbon rich layers often form weak bonds, which permit ﬁber
pullout to occur from the matrix during propagation of a crack. BN interfaces are
often pursued since this material has high thermal stability. BN can either have a
cubic or a hexagonal structure. The hexagonal form of BN is close to that of
graphite. The hexagonal phase is often sought since the natural layering leads to
weak bonding between the layers. The hexagonal phases of graphite, pyrolytic
graphite, and BN can slip leading to materials that behave like solid lubricants.
High temperatures above 1000 °C are often used to avoid amorphous BN, which
can lead to instability during later phase changes.
Carbon interfaces have poor oxidation resistance above 400 °C. Oxidation to
graphite CO and CO2 leads to weakening of the composite. BN interfaces can lead
to higher thermal stability, however can be degraded by moisture. Ammonium
borates tend to form and this leads to instability. In order to improve the stability of
BN interfaces, several methods have been used. One method involves doping of
silicon into the BN interface. Instead of ammonium borate formation, borosilicate
glass can form. Another approach for stabilizing BN is to deposit another protective
coating on the BN. SiC and Si3N4 are often used for this purpose since they have
similar CTE’s to BN, and are chemically and thermally stable at high temperatures.
An example of a cross section of a coated ﬁber using the above-mentioned
approach of adding a protective SiC layer is given in Fig. 7.9. The core of the CMC
is a SiC ﬁber coated with BN, then coated with SiC, and then with a SiC matrix

7 A Review of Nanoceramic Materials for Use in Ceramic Matrix …
Fig. 7.9 Cross section of a
SiC/BN/SiC CMS

195

SiC Matrix
SiC
BN

CoaƟngs

SiC
Fiber

Void

outer shell. The coatings were deposited with CVD. The SiC matric was made from
a preceramic polymer. The SiC ﬁber tows consist of 400–800 ﬁbers with 8–25
micron ﬁber diameters.

7.4.1

Matrices

The matrix used in the above example is SiC. This is ideal for the SiC protective
coating on the BN interface. The matrix is crucial for the use of the composite. High
temperature stability is a key parameter of the matrix. The matrix needs to be
chemically inert. In many applications, low density is desirable in order to lower the
weight of the composite. The CTE of the matrix should match that of the interface.
The thermal conductivity of the matrix is an important property. In applications
dealing with high temperature engine parts, air is used to cool the engine. If a matrix
has high thermal conductivity, les air is needed for cooling and the higher operational temperature can lead to greater efﬁciency. Another common matrix material
depending on circumstances is Al2O3. Alumina is often used due to a high oxidation resistance. Two common methods for formation of a matrix include polymer
impregnation and pyrolysis (PIP) as well as chemical vapor inﬁltration (CVI).

7.4.2

PIP or CVI Matrices

Matrices of several types are used in CMC materials. Besides the most common
chemical vapor deposition processing, there are other methods like polymer
impregnation processing (PIP) and chemical vapor inﬁltration (CVI). Each of these
processes is described in depth below.
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Characterization of CMC’s

There are several characterization methods that are used to characterize CMC’s.
The composition of the ﬁbers, interfaces, and matrices need to be determined.
Separating each of these components of a CMC and doing chemical analyses such
as atomic absorption or inductively coupled plasma methods are rarely done.
Instead, nondestructive methods are often used. Figure 7.10 shows an SEM of a
CMC as well as energy dispersive X-ray (EDX) maps of different elements of a
SiC/BN/SiC composite.
EDX can be a useful technique for looking at elemental maps and seeing which
elements track one another. For example, in Fig. 7.10, clearly the B and N track one
another. Besides elemental maps, line proﬁles can also be done. EDX is not the
most sensitive method, but can give relatively bulk information.
Surface analyses of CMC’s are often done using Scanning Auger Microscopy
(SAM) as well as X-ray photoelectron spectroscopy (XPS). These surface analyses
give elemental compositions for all atoms besides H and He in the top 40 Å or so
of a material. Using ion sputtering of relatively inert materials like Ar+ ions one can
obtain depth proﬁle information to study depth uniformity. SAM generally gives
atomic information, although for group IV elements can give some chemical
information. For example, graphite and diamond have different line shapes and
locations of peaks. The same can be done with SAM for Ti, Zr, and Si species.
However, when oxidation state information is needed for most other non Group IV
elements, XPS is often used. Standards need to be used to calibrate the binding
energies of different oxidation states in such experiments. Depth proﬁle via Ar+ ion
sputtering can be done with both XPS and SAM. There are other surface methods
that can be used to study composites, but these are most often used.

B

Fig. 7.10 SEM and EDX data for a SiC/BN/SiC composite

N

Si
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The structures of CMC’s and all the components of a CMC are often studied
with X-ray powder diffraction (XRD). The different components need to be crystalline in order to be observed with XRD methods. Standards and databases can be
used with this method. Electron diffraction in an electron microscope can be quite
useful for composites to study orientation effects, identify speciﬁc phases, as well as
study amorphous components in the CMC.
The morphologies of the ﬁbers, interfaces, and matrices can be studied using
both scanning and transmission electron microscopy, SEM and TEM, respectively.
Several examples of SEM are given throughout this review. New developments in
SEM and TEM are allowing outstanding lateral resolution to be obtained.
Experiments are being done at elevated pressures and in certain cases samples can
be heated or cooled in the electron microscope. Methods like focused ion beam
(FIB) are being used to cut out slices of composites and to study what is below
surfaces of the CMC’s.
Thermal analyses are extremely important in this area. More standard thermal
analyses involve thermogravimetric analyses (TGA) as well as differential scanning
calorimetry experiments. TGA can give some idea of the stability of materials. DSC
can give ideas about phase transitions and when coupled with TGA can be quite
powerful in the characterization of thermal properties of CMC’s. Other methods of
interest would be microcalorimetry, differential thermal analysis, and thermomechanical analysis. RGA systems are good for small molecules typically analyzing
masses up to 100 or 200 amu. This range would cover common species that are
present like O2, H2O, and small hydrocarbons.
Chemical stability and the nature of surface intermediates can be studied by
combining thermal methods with mass spectrometers. There are several ways of
doing such experiments. One way is to couple a TGA to a mass spectrometer.
Typically residual gas analyzers (RGA) that use quadrupoles are used for such
analyses. This way both quantitative weight loss and correlative qualitative identiﬁcation of evolved species can both be determined. Another method to study
surface intermediates as well as evolved species is temperature program
(TP) methods. Such experiments usually have mass spectrometers or gas chromatographs as detectors. Materials are heated in various atmospheres and desorbed
species are detected. Temperature programmed reduction (TPR) can be done in
hydrogen gas. Temperature programmed oxidation (TPO) can be done in oxygen.
TPO could be used to titrate surface carbon and or oxygen species.
Functional group analyses are important in determining surface species, contaminants, and chemical environments. Fourier transform infrared can be used to
study a variety of species like water, hydrocarbon contaminants, carbon oxides, and
others. Raman spectroscopy is useful in determining phases of materials, like distinguishing various types of carbon on CMC’s. Raman imaging methods can be
used to study lateral homogeneity of CMC’s. The above methods are just some of
the major ones although the most common ones used to study CMC materials.
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Application of CMC’s

CMC’s are used in a variety of applications including electronics as insulators, heat
sinks, and in aerospace and aircraft materials. Each of these areas is discussed
below.

7.5.1

Electronics

Portable gas sensors are an area where ceramic materials that have unique electronic
properties can be used. For example, ferrites that have spinel structures are as
electronic materials for applications in the gas sensor market. These systems are
inexpensive, relatively simple, and have the ability to be tailored by control of
structural and compositional parameters. An excellent review in this area is available [1].
Another area involving electronic ceramic materials is in H2 separation systems.
These systems use dense proton–electron conducting ceramic materials and membranes made from such materials. Various proton–electron conducting materials
and related membrane materials have been reviewed [2]. Some important categories
are Ni-composite proton-conducting materials, tungstate-based, BaPrO3-based,
LaGaO3-based, and niobate/tantalite, and other composite metal oxide-based
ceramic materials/membrane systems. Self supported and supported membranes are
used in these systems. At times, surface modiﬁcation of these materials is necessary
to improve performance. Several important properties of ceramic materials and
membranes, such as proton and electron conductivity and performance (i.e., H2
transport flux and lifetime stability), are also discussed. To highlight the technology
progress in this area, all possible ceramic materials and associated membranes are
summarized, along with their properties and performance, to help readers quickly
locate the information they are looking for. Based on this review, several challenges
hindering the maturation of this technology are analyzed in depth, and possible
research directions for overcoming these challenges are suggested.
A recent concern in this area is the toxicity of ceramics used in the electronics
industry [3]. There are numerous pursuits of the use of nanomaterials in many ﬁelds
these days. Some of the types of systems being pursued are nanotubes of carbon,
fullerene type species, quantum dots, dendrimers, metal oxides, silicas, aluminas,
and metals like clusters of gold, silver, nickel, iron, and others nanoparticles. Some
of the speciﬁc applications of these materials include the following: slow release of
drugs and pharmaceuticals, catalysts, ceramics, semiconductors, electronics, medicine, sensors, cosmetics. Many of the materials used in these applications are
ceramic based. Nanoparticles of these materials can be toxic to plants, animals, and
humans. Some medical problems that can result are poisoning, inflammation,
cytotoxicity, ulceration of tissues, and effects on many cell types. The very popular
single-walled and multiwalled carbon nanotubes have been shown to cause
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oxidative stress and ﬁbrosis in the lungs of animals. Single-walled carbon nanotubes have been shown to cause oxidative stress in humans by attacking the
nervous system. Small diameter nanosized particles of titania can lead to inflammatory injury and respiratory distress. Decreased growth rates, genomic changes,
and proteomic changes in plants can be caused by nanosized particles. The high
surface area to volume ratios of nanoparticles are vastly different from bulk systems
and can lead to toxicity in various organisms. Often little is known about such toxic
effects, their cause, or even if systems have been studied. We have studied nanosized zerovalent iron (NZVI) and manganese oxide systems and their toxicity in
ﬁsh. We found that the NZVI materials caused high kill rates of the ﬁsh, but the
manganese oxide materials caused no harm to ﬁsh. This general area has recently
been reviewed [3].

7.5.2

Heat Sinks

Ceramics as heat sinks is a large area of research. Powdered Al28C6O21N6 powder
(ALCON) can be synthesized from binary components. A key property is that such
heat sink materials need to be resistant to oxidation at high temperatures, and in this
case there is oxidative stability up to 760 °C. Hot pressing methods have been used
to prepare fully dense materials. The thermal conductivity of these ALCON
materials is 20 W m−1 K−1. Reactive hot pressing methods can also be used to
make ALCON materials. Al2O3, AlN, and Al4C3 have been used as reagents in
these syntheses. A major focus of this type of work is to signiﬁcantly enhance the
thermal conductivity of these materials. Strengths of 300 MPa were found for the
ALCON systems and these are comparable to that of AlN. Another key consideration is the coefﬁcient of thermal expansion. The CTE of ALCON was found to
be 4.8  10−6 K−1 and this closely matches the CTE of silicon. Such studies
suggest that ALCON type materials can be used as heat sink materials [4].
The ability to develop compact inexpensive heat sink materials for electronic
systems is a challenge. Some speciﬁc examples of applications are for computer
processors, semiconductor lasers, high-power microchips, and electronics components. Aluminum and copper are the current materials that are being used for heat
sinks. The thermal conductivities of aluminum and copper are 250 and 400 W/
(m/K), respectively. Again one of the biggest problem in designing and making
such materials is the match of coefﬁcient of thermal expansion with that of silicon.
Single crystal diamond is known to have the highest thermal conductivity of all
bulk materials. The thermal conductivity of natural diamond can reach 2200 W/
(m/K). Unfortunately, the high cost of such diamonds prevents practical use in heat
sink applications. Some other materials that have been used as heat sinks are SiC
and AlN ceramic materials. However, it is known that the thermal conductivities of
silicon carbide and aluminum nitride are markedly lower than metals. Studies that
compare and contrast the possibilities of using diamond as heat sinks have been
reviewed [5].
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Aerospace and Aircraft

Background
History of CMC’s in Regard to Nanoceramics

A recent review of nanoceramics has focused on powdered ceramics. The synthesis
of nanopowders with highly controlled sizes and size distributions is an area of
recent interest. The production of nanosized grains of ceramics has been developed
by using a two-step sintering method, which allows densiﬁcation without grain
growth. Ferroelectricity is a property that can results from such syntheses and much
remains to be learned about this area of research. High-density barium titanate and
other similar nanosized ceramics can be made by using powder synthesis and by
optimizing a two-step sintering process. Such studies have resulted in a better
understanding of size effects on nanometer size materials that show ferroelectricity
and piezoelectricity. Such properties are of both fundamental and applied interests
and are actively being pursued by both communities. Dense undoped barium titanate can be produced this way that have average grain sizes down to 5 nm.
Materials having a composition of (1 − x)BiScO3-xPbTiO3 (BSPT) from solid
solutions that have average grain sizes as low as 10 nm. Fabrication methods of
nanoceramic materials of high-density barium titanate and BSPT have shown size
effects on their microstructure, on phase transitions, and on electrical properties.
Nanoceramic barium titanate having average grain sizes of 5 nm have shown to be
excellent ferroelectric materials. When the average grain size is increased to 10 nm
for barium titanate, then excellent piezoelectric behavior is observed [6].
An introduction to Spark plasma sintering (SPS) processes has been reviewed
that concerns bulk ceramic materials, nanosized ceramics, and ceramic composites.
Excellent mechanical properties have resulted from materials made from novel
multi-stage SPS processes. Simulation studies have been used to validate results
from experimental models as regards electric ﬁeld distributions and thermal effects
in these SPS studies. The focus of this work has centered around oxide type
materials and especially zirconia nanosized systems. Numerous applications that
rely on structural properties as well tribological uses as regards wear in yttria doped
zirconia materials have been done. In addition, tungsten carbide zirconia
nanocomposites have also been studied in relation to synthesis, microstructure,
mechanical properties, and tribology.
The use of SPS usage in production of nanoceramics has recently been reviewed.
There are several unresolved issues in this area that are related to the mechanisms of
how these materials work how they operate. The hope is that by further understanding of the fundamental aspects of SPS that new and unique properties will be
discovered [7].
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High temperature thermoelectric power generation at temperatures between 700
and 1200 °C have been investigated with semiconductor metal oxide that have
large band gaps. Such materials are inexpensive, readily available, nontoxic, and
quite stable. However, the performance of these semiconducting metal oxides is not
stable for long periods and the necessary requirements for commercial use have not
yet been met. In this review, we summarize recent progress concerning semiconductor materials that are thermoelectrics, concepts behind such work, optimization
of properties, and general applicability have been reviewed [8].
Electrical and thermal transport properties of such systems need to be fully
understood and controlled. Some of the materials that have been studied are multicomponent metal oxides like highly symmetric crystal structures such as SrTiO3
perovskites and oxides with large amounts of planar crystallographic defects like
TinO2n−1 Magneli phases with a single type of shear plane. Other systems such as
NbOx block structures with intersecting shear planes, and WO3−x with considerably
more defective block and channel structures have also been studied. Layered
superstructures like Ca3Co4O9 and double perovskites that include a large range of
composites of such materials with numerous secondary phases have also been
discussed. These types of metal oxides have particle sizes in the range of 0.3–2 nm
that afford crystallographic and microstructural properties, which permit efﬁcient
interactions of photons with them. Some of the parameters that have been studied as
regards such photonic interactions include doping, grain sizes, defects of all types,
superstructures, secondary phases, and texturing. In addition, some electrical conductivity parameters such as Seebeck coefﬁcients, electrical conductivities, thermal
conductivities, and others have been investigated. Conductivity and crystallographic arguments have been used to compare the performance of such oxides in
order to optimize and further improve desirable properties, especially for thermoelectric materials. Power factors can be enhanced by controlling the degree of
oxygen vacancy formation in materials like SrTiO3, TiO2, and NbOx. Seebeck and
conductivity plots can be used to determine the highest achievable power factors.
Some of the better materials along these lines are titanium oxide and niobium
oxide-based systems. For some systems like strontium titanate-based materials, the
highest power factor was not reached. Possibly materials with higher carrier densities might be important in improving required properties. Some data suggest that
periodic crystallographic defects and superstructures are quite efﬁcient for
decreasing the lattice thermal conductivity of various metal oxides. Grain boundary
scattering in nanosized ceramic materials that are nanodispersed is not very efﬁcient
due to the small mean free path of photons in metal oxides. When texturing in
Ca3Co4O9 ceramics was studied in relation to thermoelectric properties, there was
no real enhancement in the overall in-plane performance of a textured ceramic
compared to a non-textured random ceramic material [8].
Recent developments in nanoceramics were presented at the International
Ceramic Congress (ICC4) in Chicago in July 2012. A major focus was nanotechnology. The dimensions of the nanoscale materials have been used to classify
different properties and behaviors. Very small nanosized species or particulates,
larger nanosized thin ﬁlms, and even larger bulk nanoceramics with nanosized
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species contained in these bulk structures have all been discussed. Some new
developments concerning hybrid nanocomposites that have ceramic constituents
were presented. All these different materials are discussed in this review. A major
objective of these systems is that new nanosized particulates can be generated that
have unique physical and chemical properties. At time, synergistic effects can be
obtained by combining different components in these nanosized composite materials. This review then focuses ﬁnally on future applications and opportunities for
the use of nanosized composite materials. The authors suggest that large investments have been made in this area over the last decade of research and that this
research is beginning to pay off based on recent developments. Products that have
been commercialized are discussed as well as the impact of such products. The
authors think that since this ﬁeld is so broad that there will be substantially more
opportunities for commercial success in the synthesis and applications of nanosized
ceramic composite materials. A major area that needs to continually be pursued is
the scale-up of such systems. Ways to understand and control the use of these
nanosized materials in relation to micro, meso, and macro-size entities are important in growth of this area of research. Finally, the authors suggest that often
laboratory developments that need to be scaled are best done in industrial settings
where experience and know how are prevalent [9].
A review on methods that has been used for cryological treatment of nanosized
powders and ceramics is available. Freeze drying methods have been discussed in
terms of fundamentals and applications. Some recent achievements and efforts in
this area of research are determination of best choice for cryochemcal treatment in
order to prepare uniform nanosized ceramic powders that have high dispersion and
assembly of agglomerated particles. Zirconia materials with desired morphological
and structural properties have been studied in great detail. The initial cryochemical
treatment of precursor species is critical in determining the resultant physical and
chemical properties of these zirconia systems. How phases are formed and details
concerning aggregation can be controlled. The kinetics of the crystallization process
is also an important area in order to obtain well-dispersed nanosized particles using
cryochemical methods [10].
Calcium phosphate ceramics, cements, and silica-based glasses, are biomaterials
that are often used as components for implantation for the restoration of bones and
teeth. It is possible recently to be able to incorporate drugs and other biomedical
materials by advanced processing methods and the use of new chemical strategies.
Many times the incorporation of drugs is done using functionalized surfaces. Such
bioceramics can function as local drug delivery systems. These bioceramics are
important in the treatment of defects in large bones, for osteoporotic fractures, for
treatment of infections of bone, and for tumors in bones. Novel mesoporous
nanoceramics have been developed as superior carriers for drug delivery. This in
turn has opened up new perspectives for cancer treatment. Mesoporous silica
nanoparticles have been used to transport and release drugs into speciﬁc cancerous
cells. The pores in such system can be regulated by molecular nano-gates. This can
produce stimuli-responsive systems that permit drug release by supplying external
stimuli such as magnetic ﬁelds, ultrasonic cavitation or light activation. This
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speciﬁc review summarizes recent advances in bioceramic drug delivery systems.
The review also covers nanoceramics that are intended for speciﬁc and controlled
drug release [11].
Another area of importance regarding nanosized ceramic materials involves
optoelectronics. A recent review discusses new developments regarding luminescence quenching kinetics in terms of theoretical ideas as well as in pursuit of
advanced solid-state laser experiments. Luminescence quenching kinetics is often
used and is exceptionally useful for analyzing nanosized luminescent species. This
is important in the development of lasing materials and generation of new lasers.
Quenching kinetics can be complicated and can involve a variety of emitting
species. Lifetime experiments are usually needed to distinguish different emitting
species. Modern nanosized materials used in lasers rely on microscopic properties
and are critical in processes like energy transfer and cooperative downconversion.
These authors have summarized ways to use compact and easy-to-use analytical
equations, methods, and computer simulations for various of situations that often
involve nonexponential functions. Various phenomena have been discussed in this
review including quenching kinetics, migration-accelerated quenching in bulk
materials, cooperative luminescence quenching in bulk materials, and two situations
of energy transfer in nanoparticles. These include both static and superfast migration, both of which consider the cooperative model of luminescence quenching in
ensembles of acceptors comprised of two, three, four, or more particles. Recent
laser experiments that involve fluoride laser nanoceramic materials used in
mid-infrared lasers [12].
Another review in this area has summarized recent developments using inorganic
and inorganic organic composite materials as coatings for orthopedic implants. These
materials take advantage of interfacial properties of these composites that interact
with living tissue. Such systems have great potential for delivery of drugs and in the
treatment of infections. Systemic delivery is often used to deliver drugs, however this
is an inefﬁcient process. Further problems with systemic delivery include toxic
effects and the need to monitor patients in hospitals. Use of composites of ceramics
can allow the local delivery of antibiotics, drugs, and pharmaceuticals that lead to
efﬁcient localized use of speciﬁc amounts and in speciﬁc places. This is like using a
smart delivery system for drugs that can lead to decreased toxicity effects, lower
costs, and more rapid treatment. Also of great importance in such delivery systems is
the decrease of diseases due to infections by such local delivery mechanisms. In the
past, polymeric coatings have been used, but such systems have disadvantages in this
area. Such disadvantages are problems like thrombosis, the uncontrolled release of
drugs, problems regarding stability of drugs in the polymer, and restenosis. Due to
these disadvantages of using polymeric coatings, ceramic coatings of nanosized
particulates in composites has grown in recent years. Surface nanostructuring of
inorganic and organic inorganic composites is important because improved cellular
adhesion can lead to enhancement of osteoblast proliferation of osteoblasts, differentiation, and an increase of biomineralization. It is possible to combine the
advantages of organic inorganic composites with biopolymers and bioactive
ceramics so bone structures can be mimicked in order to induce biomineralization,
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these smart implants are becoming more and more common and research thrusts sin
this area are growing. A focus on the processing methods used to develop advanced
therapeutic usage of biomolecules in such hybrid composites relies on the stability
and other desirable properties given above by using nanostructured ceramics.
A signiﬁcant section in this review concerns inorganic and inorganic organic composites for antibacterial applications [13].

7.6.2

Advancements in CVD

7.6.2.1

Fabrication of CVD/CVI Components

The major components of a CVD/CVI apparatus are shown in Fig. 7.11. Gas inlets
are needed for the deposition. A high temperature furnace is critical. The number of
zones of the furnace is important and mapping temperature proﬁles of the furnace is
a necessity. Control of flow is done with mass flow controllers and regulators.
A cold trap is needed to getter byproducts of the reaction at hand. Pressure gauges
are needed to measure pressure in the system if low pressure is needed. Finally,
pumps are needed to reach lower pressures. Various types of valves like check
valves, one way valves, shutoff valves are used throughout the apparatus in order to
be able to isolate speciﬁc sections to look for leaks that may occur and prevent back
reactions.

7.6.2.2

Advantages of CVD/CVI

CVD methods allow inexpensive deposition of a variety of coatings. Simple precursors can be used as long as they are volatile and can be decomposed in a furnace.

P Transducer
Ceramic Cloth

Cold Trap

Furnace
Flow Controllers
Regulators
Gas Inlets

Fig. 7.11 Apparatus for chemical vapor deposition and chemical vapor inﬁltration

Pump
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Fig. 7.12 High temperature furnace used for CVD and CVI

The non-line of sight deposition process has been used for CMC’s for quite some
time. A key component is the furnace. An example of a very high temperature
furnace with MoSi2 coils that can reach 1600 °C is shown in Fig. 7.12.

7.6.3

Advancements in Preceramic Polymers

7.6.3.1

Production of Preceramic Polymers

A review focusing on different methods that can be used for the fabrication of
numerous ceramic one-dimensional (1D) nanostructures like nanotubes, nano/ﬁbers,
nanowires, and nanobelts that have been synthesized with preceramic polymers is
available. Different processing methods along with a wide variety of precursor types
have allowed the fabrication of one-dimensional nanostructures with a variety of
morpholologies, purities, compositions, and yields. Three different methods that use
different strategies have been used. The ﬁrst involves starting with gases that are
decomposed which are released upon pyrolysis of preceramic polymer precursors at
high temperatures. These reactions can be done either in the absence or presence of a
catalytic metal source. The second method involves the use of templates for
preparation of these nanostructures. Some speciﬁc procedures here include inﬁltration of the polymeric precursor melt or solution into a porous template. The
polymer is then converted to ceramic material after removal of the template. A ﬁnal
procedure involves the electrospinning method [13].
The use of preceramic polymers has been known for over 30 years. These
preceramic polymers have been used for synthesis for the most part of silicon-based
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advanced ceramic materials. These polymer-derived ceramic materials (PDCs) are
quite common these days. The conversion of polymer to ceramic materials has led
to signiﬁcant technological improvements for generation of PDCs. Some speciﬁc
examples are generation of new coatings, foams, ceramic ﬁbers, and ultrastable
ceramics that can withstand very high temperatures, like up to 2000 °C. Such
materials need to have properties that avoid decomposition, creep, phase separation,
and crystallization depending on the material at hand.
Functional properties of PDCs have been advanced in recent years due to intense
efforts in the area of synthesis. Considerable insight has been obtained concerning
structural properties for nanosized particles. Some of the key properties that are
desirable for these PDCs are high chemical stability, high resistance to creep,
excellent mechanical strength, and control of electrical properties. Preceramic
polymers are used as reactive binders in order to synthesize high quality ceramics.
One key parameter to control is the degree of ordering of pores especially in the
mesopore range, from 20 to 500 Å, which is important in terms of processing.
PDCs are used for joining advanced ceramic components, and can be made into
bulk and or macroporous components, where macropores are on the order of greater
than 500 Å. Recent research and development efforts in this ﬁeld have focused on
the ability to use such materials in new applications. PDCs that are used in various
aspects of the engineering ﬁeld include generation of materials with high temperature resistance, energetic materials, automotive materials, aerospace materials,
hard materials, catalysts supports, microelectronics, biological implants, and
applications in food technology, supports for drugs and pharmaceuticals, biotechnology applications, and others. Clearly, this ﬁeld is very interdisciplinary and
scientiﬁc and technological developments will be enhanced by cross-fertilization of
researchers from many ﬁelds. Researchers involved with nanosized particles, such
as chemists, chemical engineers, physicists, mineralogists, and materials scientists
and materials science engineers have much to contribute to this ﬁeld. PDCs have
also been markedly improved and developed by industrial researchers in the
commercialization of many of these materials. The availability of precursors is a
critical aspect of this ﬁeld and more and more precursors are available each year for
production of PDCs. Several key areas have been identiﬁed in this review article
about new scientiﬁc and technological advancement of PDCs.
These include the following:
1. Synthetic methods to produce silicon-based preceramic polymers such as
poly(organosilanes), poly(organocarbosilanes), poly(organosiloxanes), poly
(organosilazanes), and poly(organosilylcarbodiimides).
2. Features of microstructural PDC materials.
3. Unique chemical and physical properties of PDCs. These are related to the novel
nanosized particles and microstructure that control the desired properties of the
PDCs.
4. Strategic ways to produce ceramic components from preceramic polymers.
5. Commercial applications of several systems that use PDCs that are based on
preceramic polymers [14].

7 A Review of Nanoceramic Materials for Use in Ceramic Matrix …

7.6.3.2

207

Advantages of CVD/CVI

Chemical vapor deposition (CVD) and chemical vapor inﬁltration (CVI) are line of
sight methods, and that is one advantage of these methods. Carbon nanotubes
(CNTs) are unique materials that have recently been discovered that have
strengthened the nanoparticle research ﬁeld. Experimental studies of CNTs have
been reviewed with an emphasis on synthesis of these materials. A summary of the
common methods for syntheses of CNTs is given. The efﬁciency of these processes
and possible commercial use of each method is discussed. Scale-up again is a key
issue. Chemical vapor deposition is suggested to be the best method to produce
high quality of CNTs at high yield. Some potential advantages of CVD over other
synthetic methods are that the processing is scalable, economical, and high quality
materials can be produced. Process parameters in the CVD method are important as
regards syntheses of such ceramic nanomaterials and these are also reviewed [15].
The use of CVD for post-heat treatment of TiN coatings on tools has been
reported. CVD offers several advantages for coating of such forming tools in
comparison to methods like physical vapor deposition (PVD) of coatings. Such
advantages include better adhesion, the method is a very general one, and relatively
simple equipment is used. CVD coated forming tools are very important for many
ﬁelds such as cutting tools, metalworking, forming of sheet metal, and other processes that are based on a large scale. Coated forming tools that have good performance are generally mad by CVD processes. In addition, it is just important to
have excellent properties of the substrate. Steel is one of the important substrates
that need to be coated and such materials need after treatments of quench hardening
and tempering in order to maintain high substrate strength, which can be markedly
decreased lost due to high temperatures used for coating slow cooling rates. Various
thermal cycles for these processes are also discussed [16].

7.7

Nanoceramics in CMC’s

A review discussing processing, synthesis, development of microstructure, and the
properties of bulk ceramic nanomaterials have been reported. This review describes
the sintering processes that are used for the consolidation of bulk nanoceramic
composites. This publication also reports on the effects of the crystallite dimensions
of ultra-ﬁne particles and their relation to the phase stability of nanosized ceramics.
Possible beneﬁts, a decrease of materials at the microstructural scale to the
nanometer scale and the relationship to improvements in mechanical strength of
bulk structural ceramics, are also discussed [17].
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Fibers

Various types of ﬁbers are used in composites to increase toughness and mechanical
strengths. The following section discusses some unique aspects of ﬁbers.

7.7.1.1

Ceramic Materials (Alumina, SiC, Silica, Zirconia)

SiC, silica, and zirconia ﬁbers are other materials besides alumina that can be used
in ceramic matrix composites (CMC’s). Toughness in CMC’s can be obtained when
crack deflection can occur at the interface of ﬁbers and the matrix. This prevents
crack penetration into the ﬁber and helps enable ﬁber pullout, which is an
energy-dissipating process. For nanosized particles in CMC’s, the investigation of
toughening can be probed using direct atomistic models. These models are used in
order to study how matrix cracks behave as a function of the degree of interfacial
bonding and sliding that occurs. The density of interstitial C atoms at the interface
between carbon nanotubes (CNTs) and a diamond matrix is important in such
systems. Incidental cracks in the matrix do not penetrate into the nanotubes at least
under all of the interfacial conditions that were studied. As the load is increased,
weaker interfaces fail in shear mode while stronger interfaces do not fail. Instead,
once the stress on the CNT reaches its tensile strength then the CNT fails.
Researchers have used an analytic shear lag model in order to capture the
micromechanical information as a function of the loading and properties of the
material. The relative bond strengths of the interface and the CNT govern interfacial
deflection and ﬁber penetration. CNT failure occurs far below what is predicted
based on calculated toughness from modeling studies. Shear lag modeling predicts
the CNT failure point and shows that embrittlement at the nanoscale occurs at
speciﬁc interfacial shear strengths, which can be predicted by a scaling equation.
Interfacial bonding also can decrease the effective fracture strength in single-walled
carbon nanotubes (SWCNTs) due to formation of defects. Interfacial bonding does
not play a role in double-walled carbon nanotubes (DWCNTs) since there is
interwall coupling that is weaker than SWCNTs but less prone for damage to occur
in the outerwalls of the material [18].
A material of considerable interest in the use of high temperature ceramics is
mullite. Mullite is a very stable material and ﬁbers made of this material could be
quite valuable. Nanoparticles of 3:2 mullite (3Al2O32SiO2) + 5 wt.% Zirconia,
boehmite (c-AlOOH) and zirconia that can be used for applications in the ﬁeld of
monolithic/ﬁber-reinforced CMC’s, composites, hybrid materials, nanosized
ceramics, and ceramic ﬁber coatings can be produced by hydrothermal syntheses at
relatively low temperatures. Speciﬁc processing parameters and the types of starting
precursors have a major influence on the particle sizes, shapes, and structures.
These systems have been studied using particle size measurements, and both
scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
Such mullite powdered materials are highly irregular in terms of particle shapes and
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sizes and have a broad particle size distribution from about 55 nm to 7.1 lm.
Boehmite (c-AlOOH) has particle shapes and sizes that are controlled by the pH
value of the initial Solution used in the hydrothermal syntheses. Control of the pH
from low or acidic environments to high or basic environments causes the morphology of the boehmite crystals to change from needles to platelets. At a pH value
of 10, Boehmite particles have platelet shapes synthesis conditions are at pH 10
producing face dimensions of about 40 nm and thicknesses of about 5 nm. Under
low sintering temperature conditions, the synthesized boehmite particles produced
monolithic alumina materials that have sub-micrometer grain sizes. Spherically
shaped zirconia particles with the monoclinic structure have dimensions on the
order of 20–60 nm, which also were produced by hydrothermal synthesis methods.
These types of materials were also successfully applied for the preparation of
powders of mesoporous ﬁber-reinforced ceramic composites. These composites are
high-density monolithic ceramics and ceramic ﬁber coatings having weak interphases between ﬁbers and matrices [19].

7.7.1.2

Preceramic Polymer Sources

An example of preceramic polymer sources and how they can be made is shown
below. Polysilazane materials can be used as precursors for coatings in CMC’s. Past
problems with such preceramic sources involved the shelf life of these materials. By
tailoring the syntheses, enhanced shelf life can be obtained. The reaction is shown
in Fig. 7.13.
Research from our labs has focused on the synthesis and characterization of a
modiﬁed polyvinylsilazane (PVSZ) polymer. Previously, we had synthesized PVSZ
polymers via the ammonolysis of vinyltrichlorosilane (VTS) in tetrahydrofuran
(THF). These materials showed promise as precursors for silicon nitride/silicon
carbide-based ceramic composite materials. The structure of the PVSZ polymer, the
ability to stabilize the polymer which influences shelf life, and the ability to dope
the polymer with metals and metalloids were shown to be difﬁcult. In order to
overcome such problems, we introduced a second chlorosilane precursor,
dichloromethylsilane, into the ammonolysis reaction mixture. The resultant polymer proved to be more stable (longer than 3 months before crosslinking) and we

Fig. 7.13 Reaction for generation of polyvinylsilazane polymers used as preceramic sources
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were able to add a potential doping site on the backbone of the polymer while at the
same time maintaining the ceramic yields of greater than 80%. The polymethylvinylsilazane (PMVSZ) polymer was characterized using a variety of
methods including attenuated total reflectance (ATR) spectroscopy, Fourier transform IR (FTIR) spectroscopy, gel permeation chromatography, X-ray powder
diffraction (XRD), thermogravimetric analysis (TGA), Raman spectroscopy, elemental analyses via energy dispersive X-ray (EDX) analysis, and other methods.
The results of these characterization studies suggest that the ratio of chlorosilane
precursors used in the synthesis plays an important role in the ﬁnal elemental
composition. of ceramic crystallized material [20].

7.7.1.3

Grain Growth and Control

Control of grain growth is an essential part of making nanosized ceramics. A study
of The synthesis of nanoceramics of Li5La3Ta2O12 (LLT) lithium ion conductors
with the garnet-like structure has been reported. Such materials have been produced
by spark plasma sintering (SPS) methods at different temperatures such as 850, 875,
and 900 °C (SPS-850, SPS-875, and SPS-900). The grain size of the SPS
nanoceramics ranges from 50 to 100 nm and this indicates that there is minimal
grain growth during the SPS studies. Some electrical properties like ionic conductivity and relaxation properties of these garnet materials have been investigated
by impedance spectroscopy (IS) measurements. The SPS-875 garnets were shown
to have the highest total Li ionic conductivity of 1.25  10−6 S/cm at Room
temperature. This is in the same range as the LLT garnets that have been produced
by conventional sintering methods. SPS-875 samples have high electrical conductivity due to the enhanced mobility of Li+ ions by an order of magnitude higher
as compared to SPS-850 and SPS-900 ceramic materials. There is no temperature
dependence on the concentration of mobile Li+ ions. The mobility of the lithium
ions can be estimated from an analysis of the conductivity data versus temperature
measurements. For these SPS nanoceramics, these data suggest that the conduction
process is controlled by Li+ ion mobility. A small fraction of lithium ions of 3.9%
out of the total lithium content were found to be mobile and contribute to the
conduction process. Relaxation dynamics of the investigated materials have been
studied using the electrical modulus formalism [21].
There has been great progress in the last decade in The syntheses of
nanopowders with highly controlled sizes and particle size distributions has been
the focus of several laboratories for over a decade. An unconventional pressure-less
two-step sintering process has been used to densify nanoceramics without any grain
growth in the production of commercial nanosized ceramics. A goal of much of this
work is to produce ferroelectric materials, which is an area that needs considerably
more attention in order to understand both fundamental and applied concepts of
such systems. Bulk dense nano-grain ceramics are important for ferroelectric
applications. High-density barium titanate (BT) can be prepared by combining the
best powder syntheses and optimizing a two-step sintering process. Nano-grain
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ceramics have been generated that give rise to a well understood particle size
distribution and size effect at the nanometer scale, which leads to ferroelectric and
piezoelectric materials that are of both fundamental and industrial interest. These
systems include dense ceramics of undoped BT that have average grain sizes down
to about 5 nm. In addition, (1 − x)BiScO3-xPbTiO3 (BSPT) solid solutions can be
prepared with an average grain size down to 10 nm. The synthesis methods used in
preparation of these materials have been reviewed for preparation of high-density
BT and BSPT nanoceramic materials. Size effects on the microstructures, phase
transitions, and electrical properties of such systems have been reported. Robust
ferroelectricity was shown for the ﬁrst time for 5 nm BT nanosized ceramics.
Strong local piezoelectricity was present in 10 nm BSPT nanoceramics [22].

7.7.1.4

Nanocrystalline Versus Amorphous, Advantages
and Disadvantages

There are advantages and disadvantages of using either nanocrystalline or amorphous ceramic materials. In the area of transparent nanoceramics there has been a
lot of recent activity. A new procedure for sintering amorphous material and then
crystallizing such systems has been developed to make transparent LaAlO3/t-ZrO2
nanosized ceramics. A eutectic composition of Al2O3-La2O3-ZrO2 glass powders
were prepared, then sintered, and ﬁnally converted to nanosized ceramic materials
by thermal treatment. The heating was done at 1200 °C for 2 h. This procedure led
to formation of a transparent LaAlO3/t-ZrO2 nanosized ceramic that had average
grain sizes of 40 nm. The transparency was as high as 55% at a wavelength of
800 nm for a 1 mm thick sample. This nanosized has a Vickers hardness of 19.05
GPa, and a fracture toughness of about 2.64 MPa m1/2 [23].
Antimony doped tin oxide (ATO) with transparent conducting layers that has
uniform mesoporosity and a crystalline framework structure was produced by a
self-assembly of nanocrystals of preformed ATO. Commercially available and
cheap polymers that are Pluronic were used for this work. Crystalline inorganic
walls of these framework structures were afforded with nanosized particulates being
used as building blocks for the ﬁnal material. Such materials have good electrical
conductivity at temperatures of 300 °C without any doping or further chemical or
thermal treatment. A signiﬁcant advantage of this method is that highly thermally
stabile materials that are mesoporous and they show little shrinkage during heat
treatment. Avoiding shrinkage effects is important especially with sol–gel-derived
amorphous materials. Excellent reproducibility in such syntheses was obtained with
this procedure. This is partially related to the ability to prepare preformed crystallites that happen to be nanosized and remain that size during subsequent thermal
treatment [24].
Computational modeling can often be important in the design of nanosized
ceramic materials. A theoretical model has been offered, which describes the plastic
flow of amorphous covalent solids. This has also been applied to amorphous
intergranular boundaries in nanosized ceramics. Computer simulations suggest that
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plastic flow in these amorphous materials is controlled by liquid like phase nuclei.
These nuclei form and grow in size inside a solid like matrix environment. Plastic
shears are modeled as glide dislocation loops for these nuclei. Growth of the nuclei
and their energetics of formation have been investigated for bulk amorphous silicon,
silicon nitride, and nanocomposites of nc-TiC/a-Si3N4 ceramics. These computational modeling studies show that plastic flow in amorphous covalent solids is
localized at high stress points and at low temperatures. Plastic flow inside the
intergranular amorphous layers of a-Si3N4 in nanocomposites of nc-TiC/a-Si3N4
can lead to cracks. These cracks have equilibrium and critical lengths that depend
on both grain size and temperature that are used [25].

7.7.1.5

Analyses

Analyses of nanoceramic ﬁbers are done in much the same way as described above.
Other methods have also been used such as measuring the point of zero charge.
Laboratory separations, puriﬁcations, and cleaning of water and biological contaminants have been done with Ultraporous and nanoporous membrane ﬁlters.
substances, analytical procedures and assays, and as a support in fermentation and
biocatalysis. NanoCeram is an example of such materials. These electropositive
alumina (AlOOH) ﬁbers are 2 nm in diameter. This material has large surface area
(300–550 m2/g) which is quite large and similar to granular sorbents where
adsorption is often controlled by capillary transport. The point of zero charge for
these nanoﬁbers is at a pH of 9.8. At pH values lower than 9.8, virus, nucleic acids,
and endotoxins having submicron and nanosize particles are attracted and these
species can be bound on the surface of the ﬁber due to the electropositive charge.
Advantages of NanoCeram ﬁlters are due to separations that are rapid and efﬁcient
for analyzing submicron particles. Other advantages of these ﬁlters are related to
high particle capacities before breakthrough and they also do not readily clog. The
separation of proteins and other macromolecular species with such ﬁlters is competitive and a different method than size exclusion techniques [26].
Theoretical analyses can also be important in the area of nanoceramics.
A comparison of G-aenial, silorane, and nanoceramic composites and the influence
of polyethylene ﬁbers was made in order to decrease gingival microleakage for
composite restorations. These treatments occur next to the cementoenamel junction.
Thermocycling methods were used in all cases. This is followed by a treatment with
2% methylene blue dye for 24 h. The composites are then sectioned longitudinally.
Such materials are analyzed with a stereomicroscope in order to determine the
access of dye penetration. Statistical analyses were done to analyze the data and
look for correlations in the synthesis method and resultant properties. The type of
ﬁber used in these composites is critical. When using Ribbond ﬁber, there was a
statistically signiﬁcant change and decrease in microleakage. Use of polyethylene
ﬁbers, silorane composites, and G-aenial posterior composites all reduced the
microleakage in class II composite restorations. This leads to gingival margins that
are below the cementoenamel junction [27].
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Interfaces

Numerous interfaces can be used in nanoceramics. This review has shown so far
that there are many diverse applications of nanoceramics ranging from CMC’s for
aerospace applications to biomedical applications.

7.7.2.1

Purpose, Mechanical Advantages

Silicon Nitride (Si3N4) is one of the major structural ceramic materials that is used
in a variety of high temperature applications. Si3N4 has outstanding mechanical
properties. High flexural strength, good fracture resistance, and high hardness are
examples of the high strength of this material. There can be microstructural changes
of Si3N4 in the matrix of composites that can lead to changes in the mechanical
properties of this material. Powder syntheses and sintering processes are both
critical for fabricating Si3N4-based ceramics. These synthetic methods play a major
role in controlling microstructure and chemical and physical properties of such
systems. Spark Plasma Sintering (SPS) methods are energy saving processes that
use short processing times and a few processing steps. Densiﬁcation and powder
syntheses of Si3N4 using SPS methods have been reviewed. Commercially available nanosized b-Si3N4 materials that have been doped with sintering additives
such as 6 wt.% Al2O3 and 8 wt.% Y2O3 have been used as the starting reagent.
This powder is then compacted using SPS methods at different heating rates by
varying the temperature from 1550 to 1700 °C. When slower heating rates like 50
and 100 °C/min are used, then the sizes of the nanosized grains are preserved.
These materials were sintered at 1600 °C for 5 min. Anisotropic grain growth is
accelerated with these materials when heating above 1500 °C if a rapid heating
cycle of 200 °C/min is used. A dynamic Ostwald ripening process occurs during
the sintering process. In addition, the observations of Morie fringes and dislocations
are due to grain rotation and misﬁt strains between the subgrains and the elongated
larger grains. Rapid heating leads to coalescence of the grains. The SPS method
leads to development of the microstructure of these systems. These Si3N4-based
ceramics have grain lengths, grain widths, and aspect ratios after sintering that were
found to gradually increase as the sintering temperature is increased. Temperaturedependent fracture toughness studies have been done for these b-Si3N4-based
nanoceramics and evaluated as a function of temperature of sintering. Electroconductive nanoparticles have been incorporated into these Si3N4-based
nanocomposites. Such materials are promising materials for use as cutting tools.
They are used in electrical discharge machining. In some of these materials, TiC
nanopowder that is conductive has been added into the nanosized b-Si3N4-based
powders. Such systems have been compacted using SPS methods and by using a
rapid heating process. The addition of the conductive phase was clearly signiﬁcant
and affected the microstructure of the Si3N4 matrix materials. This particular study
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is relevant for researchers that deal with the SPS methods and how they are used in
processing of ceramic materials and in applications of such materials [28].

7.7.2.2

Boron Nitride, Graphite Solid-State Lubrication Properties
with a Focus on Nanoceramics

Many industrial applications such as high mechanical strength systems and automotive materials require both functional and protective coatings that have outstanding tribological properties. Thermal spray coating technologies can be used to
make hard layers of ceramics, metal, and ceramic hybrid materials, and further
multiphase systems. Using top coats comprised of polymer that have low coefﬁcients of friction or antiadhesive properties, enhanced functionality can incorporated
into these systems. Thermal properties as well as electrochemical properties can be
enhanced by this type of approach. A review of various situations has been put
together that discusses numerous applications of such materials such as uses in the
paper industry, uses in the area of printing and uses for automotive applications.
Coatings made by thermal spray methods were made by a variety of processes such
as air plasma spray (APS), high velocity oxy-fuel (HVOF) spray, and HVSFS (high
velocity suspension spraying) processes. These have been used to prepare
nanoceramic materials. Dispersing solid particulates into polymer to coat materials
can be used to enhance certain functionalities of systems such as protective coatings
and lubrication. Many studies have focused on various spray coating methods, the
nature of the spray processes, and details of manufacturing properties. A particular
attention has been paid in these systems to spray process parameters and their
influence on coating properties. In addition, spray torch kinematic and robot trajectories and resultant properties like hardness, residual stress distributions,
dimensional tolerances, and porosity distributions have been reported [29].

7.7.2.3

LP-CVD Deposition of BN/ Graphite Interface

Nuclear fuel cladding and associated materials used for this purpose need to have
controlled properties such as surface roughness of the inner and outer surfaces of
tubes used in these systems. Pressurized Water Cooled Reactor (PWR) clads are
advanced materials that can be inner SiC clad tubes with a complicated three
layered structure. These materials can be prepared using chemical vapor deposition
processes. The surface roughnesses of the substrates like graphite, are important
processing parameters that need to be controlled. One of the parameters that can
influence the surface roughness of the graphite substrate that can directly influence
the inner surface of SiC tubes that are in contact with the substrate is the method of
synthesis. Various types of graphite substrates can be used to study effects on
surface roughness and these will depend on the availability of different graphite
materials. Numerous polishing methods and heat treatments have been used for
preparing these types of materials. In these particular studies, the average surface
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roughnesses of all of the deposited SiC layers for four different materials are 4.273,
6.599, 3.069, and 6.401 lm. Low-pressure SiC chemical vapor deposition methods
used with a graphite substrate lead to the removal of graphite particles on the
graphite surface. This occurs in the chemical vapor deposition process in a
puriﬁcation step. The effects of increasing the temperature in the chemical vapor
deposition synthesis are observed in the surface roughness of the SiC coatings. In
order to make well-deﬁned systems where surface roughness of the deposited SiC
interlayers, there needs to be ﬁne control of the process. This ﬁne control involves
the complete removal of scratches on the surface a well as cleaning after each
polishing step, and after each heating cycle [30].
BN is a very important material of ceramic coatings due to excellent thermal
stability and chemical resistance. One of the most important parameters in the
preparation of stable BN is the degree of crystallization. The higher the crystallinity
the more stable the material as regards chemical and physical properties. The
hexagonal phase of BN is a structure that resembles that of graphite. Pyrolytic
ordered graphite can be used in composite materials but once BN is stabilized this
material can provide desirable interfacial coatings. Such interphases in ceramic ﬁber
matrix composites are very important. A common problem, however, is that disordered or poorly ordered BN is often produced with a turbostratic structure when
using either chemical vapor deposition or chemical vapor inﬁltration methods.
When using BF3 and NH3 as reagents in the synthesis of BN, chemical degradation
of the ﬁbers is often a result. Many different BN coatings can be deposited and
resulting three-dimensionally ordered hexagonal BN can be deposited using
low-pressure chemical vapor deposition at relatively low temperatures such as
below 1000 °C. The structures of BN coatings were found to be related to changes
in the rate of deposition in the chemical vapor deposition process. Various
parameters are important such as the type of furnace, heating rate, ratio of precursors, pressure, temperature proﬁle of the furnace, substrate, and others. In this
study, there was a compromise between the conditions that led to anisotropic
coatings and other more idealized conditions that resulted in a decreased degradation of the ﬁbers [31].
Low-pressure deposition is one of the keys to making good coatings of BN
materials. The chemical vapor deposition of BN and graphite lead to interface
coatings that have many of the above advantages of single interface coatings [32].
The design of a coating interface for high temperature ceramic matrix composites
(CMCs) is extremely important for making high quality coatings that have signiﬁcant requirements for the use of CMCs in aerospace and vehicular applications.
Enhanced toughness and oxidative resistance are extremely important for such
applications an generally involve SiC-based ﬁber-reinforced composites. These
systems require a coating system that can deliver precise control of the thickness and
the processing conditions needed in order to prevent damage during the deposition
process. A BN coating can be deposited on Nicalon fabric using a low-pressure
chemical vapor deposition reactor system. An environmental protective layer
composed of Si3N4 can also be deposited that protects the ﬁbers from being oxidized
and degraded. SiC/SiC single tow unidirectional mini-composites can be produced
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using chemical vapor inﬁltration methods. Such studies should be done for both the
uncoated and coated systems and comparisons should be made of the resulting
chemical and physical properties including thermal stability, oxidation resistance,
and mechanical strength properties. Correlations between the thicknesses and tensile
strengths of both the ﬁbers and mini-composites are often sought. Variations in the
thicknesses of BN and Si3N4 coatings are often directly related to the overall tensile
strengths of the processed ﬁbers and mini-composites. Methods like ﬁeld-emission
scanning electron microscope (FE-SEM) and scanning Auger spectroscopy
(SAM) can be used to study the interfacial properties including the compositions,
nature if the interface, morphologies, and phase purity. Thermogravimetric analyses
are often used to study the thermal stability of such coated ﬁbers and minicomposites in various atmospheres. Thin layers of Si3N4 can be used to control
damage from moisture that is often observed for turbostratic BN. Methods like depth
proﬁles with SAM can be used to study the nature of the interface and whether it is
sharp or broad. In these studies, the overall coating process on Nicalon ﬁbers was
quite successful in not degrading the tensile strengths of the preprocessed ﬁbers
which can lead to successful use of such materials in high temperature applications
such as the typical demanding environments needed for use of CMC materials in
aerospace applications.

7.7.2.4

Advantages of CVD Interface

Advantages of using CVD for coating of ﬁbers and foams have been demonstrated.
A study of the generation of silicon carbide (SiC) ﬁber ceramic foams by chemical
vapor inﬁltration of SiC into low cost graphite felt materials. The oxidation of such
foams led to materials that were hollow SiC ﬁbers. Densities of 0.3–1.0 g/cm3 were
observed which depend on time of inﬁltration and change to 0.268–0.925 g/cm3
after oxidation. Compressive strength data before and after oxidation of the foams
and flexural strength data for the oxidized foams were studied as a function of
density. A light-weight core in a sandwich composite was also prepared with these
foam materials. Such systems have high temperature stability and attractive flexural
and compressive strengths. Faceplates of coated Nicalon 4-ply laminates were used.
The processing of these SiC overcoated composites involved a Polymer
Impregnation Pyrolysis (PIP) as well as chemical vapor inﬁltration of the laminate
foam structure. The flexural strengths of these composites were reported with
respect to the density of the foam and the composite. Dimensions of small volume
1.5  10  0.5 cm sandwich type composites were synthesized and are
light-weight structures that can be used for high temperature applications (such as
greater than 1000 °C). A photo of a low-pressure CVD apparatus is given in
Fig. 7.14.
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Fig. 7.14 Low pressure CVD apparatus

7.7.2.5

Non-CVD Interface (Sol–Gel), Focus on Nanoscale Grains

Sol–gel methods are often used to control grain size of particles. Alumina-based
ceramic materials with ﬁne grain size can be produced at temperatures of 1400–
1600 °C by using templated grain growth (TGG) and ﬁne alumina platelets of about
0.6 and 3 lm diameters that can be aligned using tape-casting methods. This can be
done with either 50 nm a-Al2O3 matrix powders or with seeded boehmite sols.
These 3-lm size template systems were easily aligned by tape-casting methods in
both of these matrices. However, 0.6 lm diam. templates were only well aligned
with seeded boehmite sol. This means that improved alignment was observed for
the boehmite sols. Gelation of the inorganic was determined to be important for the
improved alignment in these boehmite sols. A strongly pseudo-plastic rheology was
observed that lead to preservation of the alignment of the templates, which is
balanced against the effects of Brownian motion. Transformation of the seeded
boehmite materials leads to formation of a ﬁne a-Al2O3 matrix in an in situ process.
This process is related to a high driving force for template grain growth, which
generates an improvement of the development of desirable texture. These systems
have very highly desirable textural properties for ceramics that are due to the
combination of the 3 lm size templates and the seeded boehmite matrix. Fine grain
size diameters between about 5 and 10 lm and about 1.5–3 lm in thickness is
generated from this process. At 1600 °C undoped samples can be fully textured but
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the addition of a small amount of dopant of about 0.25 wt.% CaO/SiO2 can lead to
improved kinetics of the template grain growth and gives excellent textural properties at 1400 °C [33].
There are numerous advantages of using sol–gel processes in the generation of
coatings in the area of ceramics. First, the method is relatively simple. Second, there
are a number of parameters that can be controlled in sol–gel processing. Some of
these include the precursors, pH, mixing methods, solvents, temperature, and
others. Dopants can often be readily added to syntheses that can result in enhanced
desirable properties of ﬁnal materials. Pure materials can be made especially with
organometallic precursors. However, some organometallics can be quite expensive.
A tradeoff o desired properties and cost is often made in the choice of precursors. In
terms of gelation, the pH is critical. Too low or too high a pH will not lead to
gelation. Control of the gelation time is critical especially if one wants to use the sol
phase for dip coating, spin coating, or other deposition methods. The apparatus used
for sol–gel syntheses is also quite simple and can be scaled relatively easily. Some
disadvantages of this method concern the use of solvents that may not be totally
removed during processing, expensive precursors or nonexistent ones (for example
for nickel oxide systems), generation of cracks during drying, and difﬁculty in
ﬁnding ideal processing conditions.
Sol–gel methods were used with aqueous solutions in combination with sucrose
mediation for synthesis of MgO-Y2O3 nanocomposite ceramics for potential optical
applications [34]. This method takes advantage of sols, which are primarily solution
phase species that when heated or treated with acid or base lead to gels which are
materials that are primarily solid systems. A classic example is the setting of
material like gelatin. Both aqueous and nonaqueous sols are available. This synthesis method involved the formation of a precursor foam that contained both Mg2+
and Y3+ cations. Chemical and thermal degradation of the sucrose molecules
occurred in solution. This degradation allowed the resultant foam species to be
calcined and crushed and resulted in MgO-Y2O3 nanocomposites with thin mesoporous flake-like powdery particles that had uniform compositions and surface
areas of 27–85 m2 g−1. The calcination process was an important step in preparation of these materials. The resultant nanocomposites were made of homogeneous
flakes consisting of well-mixed nanoscale grains of the cubic MgO and Y2O3
phases. Grain coarsening did not occur with these nanocomposites and possessed
average grain sizes that were less than 100 nm when calcination was done at
temperatures up to 1200 °C. All of the results of these studies suggest that this
sucrose-mediated solgel method is simple, reproducible, and a very effective
method for the generation of nanoscale mixed oxides. This method could very
likely be extended to other mixed metal oxide systems [35].
An apparatus that can be used to make small aerosol droplets that consists of an
ultrasonic nozzle is shown in Fig. 7.15. The ultrasonic nozzle can be of many
different types leading to concentric streams of aerosols, vortex mixed streams, and
others. The aerosol particles then travel into a furnace where nucleation is initiated.
Advantages of such a deposition process are that nanoparticles can be formed,
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Fig. 7.15 Ultrasonic nozzle
apparatus for aerosol
preparation

numerous precursors and compositions can be used, and the process is continuous,
leading to large batches of materials [36].

7.7.3

Matrices

7.7.3.1

Materials, Fillers, Grain Size and Importance

Batteries are composite materials that often contain ﬁllers. A speciﬁc battery system
that exploits nanosized particles consists of a series of nanocomposite solid polymer
electrolytes. These nanocomposites are composed of consisting of polymethylmethacrylate (PMMA) as the host polymer, lithium bisoxalatoborate as a salt that is
doped into the material, and a nanosized hydroxyapatite which is used as a ﬁller.
These nanocomposite materials were produced with a hot pressing method.
Excellent electrical conductivity is necessary for battery materials. In order to
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increase conductivity, a bioactive ceramic ﬁller of the nanosized hydroxyapatite is
used to make the polymer matrix more conductive with enhanced stiffness. These
nanocomposite solid polymer electrolytes were optimized in terms of relative
composition of the polymer, dopant and ﬁller. Electrochemical characterization was
done by measuring the ionic conductivity, the electrical conductivity, the electric
modulus, as well as dielectric measurements. Functional group analysis and the
nature of the polymer electrolyte and surface species were measured using Fourier
Transform Infrared (FTIR) methods. Electrical modulus and dielectric measurements were used to study both the electrical responses and relaxation of dipoles in
the polymer electrolytes. Nanosized hydroxyapatite particles were added to the
nanocomposites in order to increase the ionic conductivity and to block reorganization of the polymer matrix. The ionic conductivity was found to be 10−4.8 S/cm
for materials having 10 wt.% of the ceramic nanocomposite [37].
Fillers are also important in nanoceramics used in molding processes. A molding
methods are available such as microinjection molding. Numerous modiﬁcations of
the microinjection molding process are available. The ability to make micro-molded
parts with high accuracy and do so for large-scale commercial production is
important. Plastics have recently been used along with ﬁllers to reinforce these
composites. Generation of high strength materials is important in this ﬁeld. The
ability to make moldable materials to increase wear resistance of polymers by
adding nanosized ceramics has been the focus of recent work. Custom-made
injection molding equipment has been used to control the properties of
micro-molded materials. One property that has been optimized is the hardness of
the resultant systems. Dopants or additives can markedly enhance hardness in such
materials. The polymer with added nanomaterials effectively increased the hardness
achieved. A speciﬁc example is the addition of nanosized particles of zinc oxide in
order to enhance wear resistance by about 70% when the ZnO nanoparticles were
dispersed uniformly in the polymer. Speciﬁc surfactants were needed in this system
to improve wear resistance. If the nanosized ZnO particles were not controlled, the
wear resistance was markedly decreased. Choice of the correct surfactant was also
critical. Generation of high hardness alone did not result in materials and components that had high wear resistance [38].

7.7.3.2

Fabrication of Matrices

1. CVI
Electrophoretic deposition ﬁltration (EDF) and pressure ﬁltration (PF) methods
have been used to make a variety of nanosized materials to be used as matrices in
composites. Safﬁl alumina ﬁber-reinforced mullite that are multilayer nanoceramic
matrix composites can be generated from heterocoagulated nanosized alumina sol
particles as well as powders of fumed silica powder in aqueous solution.
Electrophoretic mobility measurements were used to study the surface charges in
such systems. The short-range structure and particle particle interactions of these
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materials were studied using transmission electron microscopy. The heterocoagulated particle clusters were inﬁltrated into the multilayer Safﬁl ﬁber preforms using
electrophoretic deposition ﬁltration with constant voltage at various deposition
times was done to understand the important processing parameters that are needed
to properly inﬁltrate the composites with stoichiometric mullite. A constant voltage
of 10 V direct current was used. The time of EFD was important in making uniform
composites. A separation distance of electrodes that is necessary was determined to
be 15 mm and this led to complete inﬁltration in a 4 min period. The optimal
alumina/silica particle size ratio was found to be 3:1. Discrete heterocoagulated
boehmite/silica particle clusters were generated with stoichiometric sintered mullite
being produced. When sintering was done at 1500 °C for 3 h submicron equiaxial
grains of mullite were produced with no grain boundary glass phases being produced. When these nanocomposites were fractured, signiﬁcant ﬁber pullout was
observed indicating enhanced overall strength of these materials [39].
2. PIP
Polymer impregnation processing PIP methods can be used to prepare nanosized
ceramic matrix composite (CMC) materials. PIP methods rely on using a polymer
precursor and then inﬁltrating this into a ﬁber cloth, followed by thermal treatment
to convert the polymer matrix material into a good coating. Uniformity of the
polymer inﬁltration is critical for successful use of this method. An example of a
composite made by PIP is shown in Fig. 7.16.
The PIP process involves using a polymer precursor and ﬁller, which is
hot-pressed and vacuum inﬁltrated with ﬁber in the form of a fabric in the ﬁrst step
of the process. Then a green body material is formed, which can then be cured at
high temperatures often in inert gases such as nitrogen or argon. Density measurements are used to monitor the completeness of inﬁltration. Once the density
stabilizes then, reimpregnation of the polymer is not needed anymore. After curing
of the PIP of the fabric, and stabilized density, the material can then be machined
and further tested for optimal composition and strength.

Fig. 7.16 Composite made
via PIP, cellphone used for
scale
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3. Sol–Gel
Sol–Gel methods are used for coatings when methods like dip coating, spin coating,
or painting can be used to make stable coatings. Sols are solutions or liquid phases
of precursors that are generally acidiﬁed in order to produce gels. Gels are materials
with greater than 50% solids. An advantage of sol–gel methods is that unique
precursors like organometallics can be used for the deposition. This allows excellent control of chemical composition. On the other hand, some solvent must be used
and the presence of residual solvent can lead to cracking of ﬁlms. In addition,
depending on composition, time, changes in pH, mixing, and other parameters,
nucleation followed by crystallization can occur. This may or may not be desirable
depending on the nature of the ceramic to be produced. A common method of
deposition of sols would be to use spin coating or dip coating, followed by thermal
treatment to remove solvent.
An example of the setting of a gel is shown in Fig. 7.17 for hydrogel materials.
Some common hydrogel systems are aluminosilicates which can lead to thermally
stable materials like cordierite which is used as a ceramic support for auto exhaust
catalysts. This material can be formed into a honeycomb or monolith structure,
which is porous and allows deposition of catalysts in the walls of the monolith.
Auto exhaust catalysts are one of the largest applications of catalysts and ceramic
monoliths are critical for excellent performance of these systems. A current research
effort involves development of new supports and catalysts for diesel exhaust systems. Such systems need to be handled at very high temperatures and in the

Fig. 7.17 Left side shows a ceramic gel, right side shows a sol precursor
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presence of very high pollutant concentrations of sulfur and nitrogen containing
species. Another high temperature phase of aluminosilicates that is used at very
high temperatures is mullite.

7.7.3.3

Preventing Grain Growth

Carbon nanotubes (CNTs) have often been used in the colloidal processing of
nanosized SiC with nanosized Y3Al5O12 that function as liquid phase sintering
additives. Various CNTs that have different morphologies are available that have
different surface functionalities. By adding seven volume percent CNTs coagulation
of such nanoceramic suspensions can be prevented. These environmentally friendly
processes that use aqueous colloids can be used to prepare homogeneous mixtures
of nanosized ceramic particles with CNTs that are necessary for the generation of
CNT-reinforced ceramic matrix nanocomposites. Deflocculated CNTs are not as
useful as surface functionalized CNTs for the generation of stable concentrated
colloidal suspensions. Such colloidal suspensions are important for the production
of materials with desirable rheological properties. It turns out that thin CNTs are
preferable for these nanosized ceramic composites. The fabrication of SiC/CNT
nanosized composites of this type using aqueous colloidal processes can be further
aided by the use of liquid phase-assisted spark plasma sintering methods [40].
The combination of coarse-grained and nanosized crystalline powders with the
compaction and thermal sintering of coarse but nanosized structured mesoporous
yttria-stabilized Tetragonal Zirconia Polycrystal (Y-TZP) powder. Yttria-stabilized
Tetragonal Zirconia Polycrystal ceramics (Y-TZP) are used in ball heads for Total
Hip Replacements. The Y-TZP powder consisted of loosely aggregated nanosized
crystallites. These crystallites are observed as secondary particles or agglomerates.
These materials are packed defect free and are homogeneous. Such powders can be
used for the synthesis of nanosized ceramics of ZrO2. Homogeneous green bodies
were consolidated generating uniform structures made of intraparticle and interparticle pore packing. These hierarchical structures markedly influenced the densiﬁcation and grain growth of these systems. Pore pinning effects were frozen in
these systems. Densiﬁcation and grain growth mechanisms could be separated here.
Increased heating rates promoted the Grain growth was enhanced by increasing
heating rates in the Densiﬁcation was a competitive mechanism dealing with the
ordered aggregation of primary crystallites. Enhanced pressure halted growth of the
crystallites. Clearly, there are many factors that control the generation of nanosized
particulates in this complex system. This allows the coarse powder to be used for
the generation of such stabilized zirconia nanosized ceramics [41].

7.7.3.4

Effect of Grain Growth on Mechanical Properties

Effects of grain growth on mechanical properties are well established. For the case
of zirconia, this material is often blended with other oxide materials in order to
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stabilize the tetragonal or cubic phase at low temperatures. Very often, as noted
above, yttria is an added dopant. High-density ceramics are usually desired in
composites and concomitant restriction of grain size at the nanoscale usually up to
100 nm is also required. Small grains are known to stabilize the tetragonal phase.
Such small grains also lead to enhanced toughness and flexural strength. Small
grains can also produce higher ionic conductivity for cubic zirconia electrolytes
than large grain sizes along with smaller thicknesses of intergranular regions. To
keep such grains small, it is often necessary to sinter these systems at as low a
temperature as possible. Grain coarsening and densiﬁcation go hand in hand. One
method of stabilization involves using a combined ramp and hold sintering process.
Another method involves a two-step sintering that relies on lowering the activation
energy for grain growth with respect to the activation energy of densiﬁcation. This
second method involves heating to a high temperature to produce a greater than
75% theoretically dense material. This leads to unstable pores followed by cooling
to a lower temperature to ﬁnish the sintering process with prevention of grain
growth. Another method is known as fast ﬁring or rapid sintering. Such methods
increase heating rates as well as reduce holding times at peak temperatures to
stabilize certain phases. Several sintering cycles can also be done. Several research
groups have tried to produce dense monolithic nanosized crystallites of
yttria-stabilized zirconia materials by using multiple pressure-less sintering cycles.
Various ramping rates and hold patterns have been used using YSZ as a starting
material. Dopants or grain growth inhibitors may be useful in such syntheses.
A goal of many of these YSZ syntheses is to produce nanosized ceramics with ﬁnal
densities that are greater than 99% theoretical density. Another goal is to keep
average grain sizes less than 100 nm. There can be powder shape effects on
resultant microstructure. Overall chemical and physical properties of bulk nanosized ceramics are controlled with such synthetic techniques. A review comparing
various sintering methods ad correlations with microstructural properties of the
nanosized ceramics is available [42].

7.7.3.5

Sintering Agents Versus Grain Growth Inhibitors

Ceramics having a composition of 0.4Nd(Zn0.5Ti0.5)O3-0.6Ca0.61Nd0.26TiO3
(NZT-CNT) have been made by conventional solid-state methods with 1–7 wt.%
BaCu(B2O5) (BCB) powders being used as additives. The BCB powders are used to
decrease sintering temperatures needed in the preparation of NZT-CNT materials. In
the liquid phase at low temperatures of sintering, BCB powders are added to stop
grain growth. Levels of additives up to 3 wt.% BCB cause a change of grain shape
from spheres to squares. The addition of small amounts of BCB can lead to nanosized NZT-CNT with good microwave dielectric properties at low sintering temperatures. Microwave dielectric properties were optimized for a 5 wt.% BCB-doped
nanosized NZT–CNT ceramic sintered at 1050 °C for 4 h. This excellent study
summarizes various sintering conditions and additive concentrations that have been
used and the results have been correlated with microwave dielectric properties [43].
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Future Work in Nanoceramics and Nanocomposites

7.8.1

Other Applications

7.8.1.1

Electronics

Ceramic composites having multiple phases of nanosized dimensions are a new
class of engineering ceramic materials. Such materials have potential in a number of
applications including high temperature aerospace, wear resistant materials, tools,
and many others. The mechanical and electronic properties of these materials can be
controlled by clever synthetic methods. The last few decades have seen numerous
research groups around the word focus their attention on electronic applications of
ceramics. These studies involve synthesis, novel characterization, and applications.
Composites produced in these studies can be used in bulk applications based on the
structure of these materials or the nanosized ceramic precursor can be used for
coatings in numerous substrates. A review article is available that summarized
literature reports of various types of nanosized ceramic composites such as silicon
nitride and silicon carbide composites, alumina and silicon carbide composites,
carbon nanotube-based nanosized ceramic composites, and nanosize ceramic
composite-based coatings [44].

7.8.1.2

Transistors

Transistors are speciﬁc types of technological devices where an-size ceramics can
play a role. Iintramolecular exciplexes can be formed on photo-irradiation of
monomeric species. These studies can be done in aqueous solution. For an exciplex
to form, two different luminescent species need to interact with each other during
photo-events. One species can be a donor moiety and the other can be an acceptor
moiety. Usually such species each have aromatic rings and these can interact with
one another leading to an excited state exciplex species. The species can be connected by a saturated aliphatic chain that is flexibile and can permit the two aromatic rings to interact. Some examples of such materials are pyrenes I (R1, R2 = H
or R1R2 = benzo group) linked to dimethylaminobenzene- and dimethylaminonaphthalene groups and phenanthrene deriv. II linked to a phthalimide. An additive
is not needed to generate the exciplex. The complexes. These can be used as labels
for a variety of materials including nucleic acids, oligonucleotides, proteins,
enzymes, inorganic clusters, ceramics, transistors, semiconductors, insulators, glass,
and amorphous materials. Various triggers like pH, temperature, pressure, and
others can lead to the luminescence of the exciplexes. In this reported study, the
luminescence of the exciplexes is shown to be sensitive to pH. This sensitivity to
pH changes in various environments like biological cells or inorganic structures can
be used for a vriety of purposes. With stable high temperature organic material like
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graphite, graphene, graphene oxide, and related species that could be used in
ceramic composites, exciplexes might be used to sense changes in pH or temperature effects [45].

7.8.1.3

Biological

An example of the importance of nanosized ceramics in biological systems involves
synthesis and characterization of electrodes for electrochemical investigations and
detection of various analytes such as captopril (CP) [46]. Manganese titanate
nanosized ceramics have ben made by sol–gel methods. Numerous structural
methods like X-ray powder diffraction (XRD), transmission electron microscopy
(TEM), and scanning electron microscopy (SEM) were used to study these nanosized ceramics. The powder was used to make nanosized manganese titanate carbon
paste ceramic electrodes. Electrochemical impedance spectroscopy, TEM, SEM,
and cyclic voltammetry methods were used to study the properties of these electrodes. These nanosized ceramic-based electrodes were used to determine the catalytic oxidation of CP with para-aminobenzoic acid (PABA) being used as a
mediator. PABA was shown to have high catalytic activity for the oxidation of
CP. Cyclic voltammetry (CV), linear sweep voltammetry (LSV), chronoamperometry (CHA), and differential pulse voltammetry (DPV) methods were used to
study the electrical properties of CP. Detection limits as low as 1.6 nM were
observed. In addition, these materials were used to selectively detect CP in pharmaceutical and biological samples [46]. Similar studies could be done detecting
various species using nanosized ceramics.
The synthesis of polymethyl methacrylate/polysulfone/nanohydroxyapatite
(PMMA/PSu/nHA) and PMMA/PSu/nanotitania (PMMA/PSu/nTiO2) ceramic
composites has been reported. N′N′-methylene-bis-acrylamide (MBA) was used
here to crosslink PMMA and this material acted as a blending agent. The composite
was made porous by Incorporation of polyethylene glycol as a pore generating
agent was used to make a porous ceramic composite. Fourier transform infrared and
thermogravimetric analysis methods were used to study the functional groups and
thermal stability, respectively. Scanning electronic microscopy (SEM) methods
were used to study morphologies of these materials. Such microscopy data can be
used to study the porous mature of these systems. The nature and homogeneity of
ﬁllers were also revealed by SEM showing that aggregation occurred at higher
concentrations of ﬁllers. The maximum tensile strength found for these composites
was with 5% nHA (23 MPa) and 7.5% TiO2 (30 MPa). Thermal analyses of these
composites showed better thermal stability with an increase in concentrations of
ﬁller. The blended PMMA and PSu polymers were shown to interact based on
powder diffraction data. Surfaces of these ceramic nanosized composites were
coated with amoxicillin. These materials were used to study the inhibition of growth
of Streptococcus mutans. Bioactivity of these composites was done by immersion
in simulated body fluid. The surfaces of the composites were probed to detect
calcium phosphate layers with SEM and compositional studies using energy

7 A Review of Nanoceramic Materials for Use in Ceramic Matrix …

227

dispersive X-ray analyses. As ﬁller content increased bioactivity of these materials
increased. Composites containing nTiO2 exhibited better strength as compared to
composites without titania [47]. It is highly likely that nanosized ceramics will
continue to be explored as bioactive sensors.

7.8.1.4

Others

Some other applications of ceramic materials involve the use of ceramics in
sporting equipment. One example is the use of carbon ﬁbers in bicycles as shown in
Fig. 7.18. The carbon ﬁbers provide excellent strength and are light-weight materials. Other sporting equipment that uses ceramic materials includes ﬁshing poles
and golf clubs. High strength, toughness, flexibility, and light-weight properties are
some of the important parameters that need to be controlled depending on the
speciﬁc application at hand. Figure 7.18, shows a bicycle composed of carbon ﬁber
composite material. This creates exceptional strength as well as light-weight.
A device that can be used to make nanoceramics is shown in Fig. 7.19. This
supercritical drying apparatus can be used for making aerogel materials. Novel
aerogels of ﬁber ceramic composites that resemble bird’s nests can be synthesized.
The ﬁbers are made of mullite in such systems and are the matrix. ZrO2-SiO2
aerogels are used as ﬁllers and produced by using vacuum impregnation methods.
Macropores of mullite ﬁbers have been ﬁlled with the ZrO2–SiO2 aerogels that form
a bird’s nest structure. This material has a very high porosity of 85% made of
mesopores. These nanosized aerogel ﬁber ceramic composites have high compressive strengths of 1.05 MPa. This is about two times as high as that of mullite
ﬁbers. This is also ten times higher than that of the pure ZrO2–SiO2 aerogels. These
aerogel ﬁber ceramic nanosized composites show a much lower thermal conductivity of 0.0524 W m−1 K−1 at room temperature and 0.082–0.182 W m−1 K−1

Fig. 7.18 Carbon ﬁber CMC in a bicycle
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Fig. 7.19 Aerogel apparatus
for synthesis of nanoceramics

during 500 and 1200 °C as compared to conventional ﬁbrous materials indicating
excellent thermal insulating properties over a wide temperature range. These
ceramic composites have high strengths and are excellent heat insulation materials
that have applications in the aerospace ﬁeld [48].
Acknowledgments SLS acknowledges Becca Gottlieb, Shannon Poges, Chris Monteleone, and
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Chapter 8

Application of Hydroxyapatite-Based
Nanoceramics in Wastewater Treatment:
Synthesis, Characterization,
and Optimization
Akeem Adeyemi Oladipo and Mustafa Gazi

Abstract In recent years, increasing environmental issues, particularly relating to
biogenic and chemical pollution of water, have become a signiﬁcant threat to both
human health and the ecosystems. Many of these wastewaters contain a high level
of contaminants which are undesirable because they create odor, bad taste, toxic
effects aside the unpleasant aesthetic nature of the water. Hence, the removal of
these toxic pollutants is necessary and, has attracted considerable efforts particularly
via adsorption technology. Hydroxyapatite is among the most representative ceramic materials and considered promising for long-term containment of toxic pollutants due to its eco-friendly nature, good dispersibility, outstanding stability, and
abundant modiﬁable surface functional groups. This chapter highlights the significance of sol–gel synthesis routes for producing hydroxyapatite-based nanoceramic
for environmental applications. General summary of other synthesis methods and
recent applications of hydroxyapatite-based nanoceramic as adsorbents and catalysts are reviewed. The wastewater parametric conditions and the synthesized
hydroxyapatite-based materials covered herein is expected to inspire and stimulate
further applications of nanoceramic-based materials in the environmental science.

8.1

Introduction

One of the threatening problems currently affecting humanity is decreasing
unpolluted water resources for irrigation and human consumption. Over 1.3 billion
people lack direct access to safe and clean drinking water, and yearly around
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5 million people die of water-related diseases [1]. Even before the industrial boom
less than 15% of water on the planet exists in a readily utilizable form for human
activities. Thus, stupendous efforts have been geared towards the development of
scalable technologies to obtain fresh water from sources not exploitable including
brackish water, seawater and even produced water trapped underground [2]. The
escalated industrial activities in developed nations, poor manpower and lack of
proper sanitation in developing countries contributed largely to current environmental crises [1].
It is interesting to know that persistent organic pollutants (POPs), heavy metals,
and dyes are major contributors to water pollution [1–3]. For thousands of years,
heavy metals have been used by humans. For instance, lead (Pb) has been applied in
water pipes, building materials, and as pigments for glazing ceramics. It is well
known that high concentration or overdose of trace amounts of these heavy metals
pose a signiﬁcant threat to animals, plants, and even human beings due to their
bioaccumulation, toxicity, and nonbiodegradable nature [4]. Also, the phenomenon
of the heavy metals-laden agro-ecological environment is a dramatic pressing
issue [4].
The tannery, textile dyeing, and plastic industries have created a vast pollution
problem as they are major polluter of clean water and one of the most chemically
concerted industries on earth [5], and the related health hazards are increasing at an
alarming rate. The weekly water consumption of a medium-sized tannery and textile
mill having a production of about 56,000 kg of textile fabric per week is approximately 11.2 million liters [5, 6]. The recalcitrant nature of dyes has made the
treatment of colored effluents difﬁcult by conventional treatment technologies, and
considerable efforts are focused on addressing this menace [2, 6]. A detailed analysis
of the dyes indicate that they are mostly chromium based, contained toxic amines,
and their colors could be intensiﬁed based on the dye particle charge [2, 7, 8].
The classiﬁcation of dye based on their particle charge is shown in Fig. 8.1.
Similarly, POPs are carbon-based pollutants (such as organochlorine and
furan-based pesticides) of great concern due to their environmental persistence,
long-range transportability, toxicity, and ability to biomagnify [3]. Water pollution
is expected to grow worse in the coming years globally due to ever-increasing
industrial activities. Addressing these pollution issues requires an enormous amount
of research to eliminate the persistent pollutants before discharge and purify water
effectively at a lower cost. Numerous processes exist for water treatment; however,
adsorption process by solid materials shows remarkable potential due to the
operational simplicity and good efﬁciency in the removal of various types of
pollutants.
To date, many adsorbing materials have been utilized for dyes, metal ions and
POPs removal with various degree of success. However, the recovery/separation of
the adsorbents, how to simplify the reuse and increase the removal efﬁciency still
requires further research. Hence, the search for eco-friendly, magnetically recyclable, stable and high pollutant-binding capacities adsorbents has intensiﬁed.
Ceramic-based materials possess various attractive advantages in wastewater
treatment and biomedical applications. Among the different forms of ceramics,
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Fig. 8.1 The classiﬁcation of dye based on their particle charge

speciﬁc attentions have been focussed on the calcium phosphates-based bioceramics such as hydroxyapatite (Hap: Ca10(PO4)6(OH)2).

8.2

Treatment Techniques for Pollutants-Laden
Wastewater

There are scores of existing techniques for the treatment of pollutants-laden
wastewater as depicted in Fig. 8.2. These techniques can be mainly divided into
three categories: physical, biological, and chemical. To date, no single technique is
capable of effective treatment of wastewater because of the complex and resistive
nature of the effluents. Hence in real-time, combinations of various treatment
processes are effectively applied for the treatment purpose.
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Fig. 8.2 Techniques for the treatment of pollutants-laden wastewater

Despite the success of each technique, numerous intrinsic limitations and
advantages have been recorded [9]. For instance, membrane ﬁltration is capable of
high separation selectivity, but its expensive nature and a large volume of rejected
residuals generated limits its usage. High operational cost hampers electrodialysis
high separation selectivity due to membrane fouling and energy consumption.
Precipitation is a low cost, simple treatment method but it is ineffective for treatment of water with trace amount of pollutants and also generates a high volume of
sludge. Ion exchange has high treatment capacity, but the cost of the synthetic
resins and regeneration of the resins is a source of secondary pollution [9].
Photocatalysis is capable of generating less harmful by-products, but long
treatment duration limits the technique. Even though coagulation/flocculation
removes the turbidity alongside pollutants removal, it is undesirable because of
increased sludge generation. Flotation is hampered by high operation and maintenance cost [10]. Adsorption is effective treatment technique and proven to be
economical for the abatement of a series of pollutants from wastewater/water.
However, adsorption is also marred with low selectivity and separation of the
adsorbents from the medium after spent particularly in a batch operation [11].
A compilation of relevant reported data using hydroxyapatite-based ceramic
materials on Fenton-like degradation and adsorption of pollutants under various
treatment conditions is presented within.
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Adsorption Phenomenon

The term adsorption refers to a surface phenomenon involving the accumulation of
inorganic and organic substances at the interface of two phases (solid-gas or
solid-liquid interfaces). Adsorption process does not produce harmful by-products
and highly insensitive to toxic pollutants [12]. Adsorption occurs when absorbable
solute molecules come in contact with a highly porous solid surface; the intermolecular forces of attraction cause some of the solutes to be retained at the solid
surface. The solid surface on which the solute molecules in the solution are concentrated is called an adsorbent, whereas, the solute molecules are referred to as
adsorbate [7]. The creation of an adsorbed phase with a different composition from
that of the bulk phase constitutes the basis of separation by adsorption technique,
and this phenomenon differs from absorption [3].
Chemical adsorption is represented by the irreversible formation of strong
chemical interactions between ions or molecules of solute and the adsorbent surface, which is mainly due to the exchange of electrons as illustrated in Scheme 8.1
[13]. Whereas, physical sorptions are reversible in most cases, and characterized by
weak physical forces (van der Waals, dipole–dipole interactions, hydrogen bonds,
etc.) between adsorbent and adsorbate [7].

Scheme 8.1 Chemical adsorption: schematic diagram illustrating sorptive copper ion, complexed
sorbate copper ion, and sorbent material (soil organic matter). Reprinted with permission from [13]
Copyright © 2013, Nature Education
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Fenton-like Degradation

Recently, advanced oxidation processes (AOPs) have been found promising as a
treatment method for wastewater based on the generation of strong oxidizing
hydroxyl radicals [14]. Fenton process is one of the most commonly used AOPs
involving the application of hydrogen peroxide as oxidant and Fe2+ as the catalyst.
Fenton process is found to be promising for the treatment of various organic
wastewaters (dye, olive oil mill, and dairy effluents, etc.) due to its simplicity,
non-toxicity, and high performance [14, 15].
Even though the Fenton process has performed well, it still has some signiﬁcant
limitations such as optimum pH range and difﬁculties in recycling the catalyst
(Fe2+) [16]. Various homo-/heterogeneous catalysts (Fe3+, Fe0, Cu2+/Cu+, etc.) have
been employed to overcome these limitations, and these enhanced systems are
called Fenton-like processes [14]. The heterogeneous Fenton-like processes are
established by replacing Fe2+ with a solid catalyst in the Fenton reagent, whereas
homogeneous Fenton-like processes are due to a combination of H2O2 and another
metal ion-organic ligand complexes/metal ion(s) [17].
Furthermore, physical ﬁeld(s)/phenomenon can also be used in the classic Fenton
process and hetero-/homogeneous Fenton-like processes to enhance the wastewater
treatment efﬁciency. Also, the treatment efﬁciency using Fenton-like process can be
further enhanced via the application of various physical ﬁelds. These physical ﬁelds
correspond to photo-Fenton-like processes [15], microwave-Fenton-like processes,
electro-Fenton-like processes, and cavitation-Fenton-like processes [14]. For
instance, to achieve satisfactory treatment efﬁciency, Nidheesh et al. [18] employed

Fig. 8.3 Magnetite-catalyzed Fenton-like process for the treatment of rhodamine dye-laden
wastewater. Reprinted with permission from [18] Copyright © 2014, RSC
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a magnetite-catalyzed Fenton-like process for the treatment of rhodamine dye-laden
wastewater as shown in Fig. 8.3.

8.3

Synthesis Routes and Forms of Hydroxyapatite-Based
Materials

Ceramic materials are mainly classiﬁed as heat-resistant, inorganic, and
non-metallic solids [19]. Ceramics are widely applied as biomaterials due to their
unique physicochemical properties. Some ceramics demonstrated excellent resistance to abrasion and friction. Among different forms of bioceramics, speciﬁc
attentions have been directed on apatite-based bioceramics. “Apatite” refers to a
group of compounds having a general formula in the form of M10(YO4)6X2, [20].
The speciﬁc name of each apatite is dependent on the nature of the constituents. For
hydroxyapatite (Hap), the M, Y, and X signify calcium, phosphorus, and hydroxyl
radical, respectively. As reported, Hap contains about 3.38% by weight of OH,
18.5% P and 39% of Ca. The phosphate (PO43−) constitute the “skeleton” of the
unit cell via tetrahedral arrangement while the oxygen aligns in the horizontal plane
[20]. Various methods have been applied to prepare Hap with varied results in the
past decades. In Hap synthesis, the greatest challenge is the accurate control of the
crystal growth since is directly related to the ﬁnal particles geometric shape and
size [21].

8.3.1

Hydrothermal Technique

The hydrothermal method has been identiﬁed as an important technology for the
synthesis of various ceramic materials. The process employed heterogeneous or
single phase reaction at high pressure (P > 100 kPa) and elevated temperature
(T > 25 °C) to crystallize ceramic materials directly from solutions [21]. The Ca/P
ratio for the precipitates is noted to improve with increases in hydrothermal temperature or pressure. As reported by Guo and Xiao [22], the particle size of the
nanocrystalline hydroxyapatite produced via the hydrothermal process decreases
with increasing temperature. Similarly, Laquerriere et al. [23] studied the characteristic features of the hydroxyapatite particle synthesized by a hydrothermal process and concluded that the Hap particle size decreases with increasing temperature.
Manaﬁ et al. [24] employed a low-temperature hydrothermal process to synthesize Hap. As reported, they dissolved the mixture of CaHPO42H2O and sodium
hydroxide in distilled water, followed by the addition of cetyltrimethylammonium
bromide. They successfully obtained Hap nanostructure with improved crystallinity
and uniform morphologies. They concluded that amorphous Hap transformed into
crystalline Hap under relatively high pressure and high temperature in the

238

A.A. Oladipo and M. Gazi

hydrothermal conditions. Lemos et al. [25] successfully produced nano-powders of
hydroxyapatite in the range of  100 nm via hydrothermal transformation of milled
oyster shell powders at 200 °C; the reaction was completed within 24 h.
Some additives have been reported to play a signiﬁcant role during hydrothermal
synthesis of numerous ceramic-based materials. Lemos et al. [25] applied KH2PO4
and tetraethyl ammonium hydroxide (TENOH) as peptizing agents to repress the
production of unwanted intermediate in the hydrothermal synthesis of nanopowders of Hap. They reported that the applied TENOH improved the efﬁciency of
the transformation of oyster shell calcite to Hap, enhanced the reduction of Hap
crystallite size and reduced the performance of aragonite transformation to
Hap. However, the KH2PO4 tends to have an opposite effect on the synthesized
Hap [25].

8.3.2

Precipitation Technique

The precipitation technique is the most popular wet chemical method of preparing
calcium-based ceramic materials, via either the homogeneous or heterogeneous
pathway. The wet chemical method is the easiest and least expensive process
applied to prepare Hap without the need for specialized equipment [26]. Also, the
process can be scaled up quite easily to meet industrial demands. The method
suffers from particles size control and morphology within a narrow parameter range.
Also, deviation from normal Hap phase is common with this technique [26].
However, these limitations can be modulated by varying the experimental conditions controlling the aging process, nucleation, and growth rate of the particles.
Paz et al. [27] employed wet chemical precipitation and obtained Hap with
needle-like and spherical morphologies. They concluded that the morphology and
size distribution of the resultant Hap particles were strongly influenced by the
synthesis method. Ramesh et al. [28] prepared different morphologies of Hap
powders using both sol–gel synthesis (HA–Sg) and wet precipitation (HA–Wp)
methods. They obtained pure Hap powders with different morphologies via both
methods. They reported that in HA–Wp presented smaller crystallite size and
exhibited high surface activity compared with HA–Sg powders. Also, they
observed a signiﬁcant difference in the Hap morphologies produced via the two
methods.
As shown in Fig. 8.4, the HA–Sg composed of nanoglobular-like structures with
hard agglomerated particles, whereas the HA–Wp powder exhibited needle-like
structures with soft agglomerated particles [28]. They concluded that the hard
agglomerate of HA–Sg powder was due to the formation of gel during the synthesis
process. Dhand et al. [29] reported a facile pathway for the synthesis of Hap via the
wet chemistry technique using calcium nitrate and ammonium phosphate at pH 11
and 37 °C as shown in Fig. 8.5. They concluded that non-agglomerating and highly
crystalline Hap crystals were obtained.
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Fig. 8.4 SEM images of Hap powders obtained from a wet chemical precipitation (HA–Wp) and
b sol–gel (HA–Sg) synthesis. Reprinted with permission from [28] Copyright © 2015, Elsevier

Fig. 8.5 Proposed growth mechanism of Hap crystals via a wet chemical method. Reprinted with
permission from [29] Copyright © 2013, Elsevier

8.3.3

Sol–Gel Approach

Sol–gel approach is an effective technique for the synthesis of nanoceramic-based
apatite, because of the possibility of a strict control of process parameters [21] to
obtain highly pure nanosized particles. Colloidal sols are formed after the molecular
level mixing of the precursors, and then subsequently turn into a gel [28]. The
process requires no special energy conditions for the formation of target compound;
hence, the synthesis of ceramics could be conducted at room temperature [27].
Meanwhile, the ﬁne sol–gel product may be of low homogeneity and the temperature needed for the formation of apatite structure depends mainly on the chemistry
of the precursors. To obtain highly pure and nanosized powder with homogeneous
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composition via the sol–gel approach, an intimate contact mixing at the molecular
level (due to the slow reaction between Ca and P precursors in the sol phase) is
needed [28].
Also, the chemical activity and morphology (size and shape) of the Hap particles
obtained via this technique is highly dependent on the reactant addition rate
[21, 27], in which a higher addition rate of acid produces a small particle size. In
summary, the sol–gel techniques are industrially useful from processing and
physical perspectives, as they enable powderless processing of multicomponent
materials in different conﬁgurations (foams, coatings, ﬁbers, and monoliths). The
diversity of materials obtained made the sol–gel technique an important processing
route in several domains, including biomaterials, electronics, optics, super-/
semi-conductors [30]. The sol–gel synthesis routes are diagrammatically shown in
Scheme 8.2 [30], with additional processing stages speciﬁc for various applications.
As reported by Fathi et al. [31], the crystallite size and crystallinity of Hap
powder synthesized via the sol–gel technique is dependent on the sintering temperature, in which the crystallite size of the Hap nanopowder increased with the
sintering temperature. Authors synthesized Hap at low temperature (350 °C) using
phosphonoacetic acid and Ca(NO3)24H2O as precursors. The resulting Hap composed of highly agglomerated particles had poor crystallinity and low purity.
However, a pure, non-agglomerated and well-crystallized Hap phase was obtained
when the calcination temperature increased up to 1000 °C (Fig. 8.6). In a similar
fashion, Brendel et al. [32] synthesized Hap at a low temperature (400 °C) using
calcium nitrate and phenyl dichlorophosphite as precursors. They reported that the
resulting Hap phase exhibited a poor degree of crystallinity and low purity in the
hexagonal unit cell. However, a further increase in the calcination temperature up to
900 °C resulted in a well-crystallized and pure Hap phase.

Scheme 8.2 Sol−gel synthesis routes and other non-redundant processing stages combined for
speciﬁc application. Reprinted with permission from [30] Copyright © 2016, Elsevier
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Fig. 8.6 SEM images of synthesized nano-Hap powder derived from sol–gel synthesis a 350 °C.
b 1000 °C

8.4

Hydroxyapatite-Based Nanoceramic Materials
in Water Treatment

Hap have been widely utilized for the removal of various pollutants from aqueous
solutions due to their high sorption capacity, modiﬁable surface groups, porous
nature, low cost, availability, high stability under oxidizing and reducing conditions, and low water solubility [33–35]. These physicochemical properties enable
strong interaction between the Hap particles and pollutant molecules. Various
experimental studies have been reported on the adsorption of heavy metal ions
[2, 33–37], dye molecules [38–40], antibiotics [41] and biomolecules [42–45] on
different Haps. The adsorption properties of Haps depend on their surface functional groups, surface area and low water solubility [33]. Similarly, the photocatalytic activities of hydroxyapatite-based nanoceramics have been reported [46–50].
Sasaki et al. [36] had studied the immobilization of high concentration
borate/boric acid borate via co-precipitation with hydroxyapatite. High removal
efﬁciencies were reported and, they concluded that the sorption process of borate
occurred in two steps, that is, (I) co-precipitation: the simultaneous immobilization
of borate with precipitation of Hap, and (II) co-sorption borate on the Hap surfaces
[36]. Similarly, the authors synthesized hydroxyl-functionalized eco-magnetic
nano-hydroxyapatite powders (Hap-350 and Hap-1000) at different calcination
temperatures (300 and 1000 °C). The glycidol-functionalized Hap particles were
employed to eliminate boron from simulated wastewater under various treatment
conditions. At 10 mg/L initial concentration, Hap-350 removed 69% of boron in
the form of boric acid at pH 6.2 in 120 min, whereas 97% of boron was removed by
Hap-1000 in the form of boric acid and 33.5% in the form of borate in 60 min
(Fig. 8.7). The Hap-1000 showed higher adsorption afﬁnity for boron at a wider
range of solution pH and was also observed that the Hap-350 was less selective to
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Fig. 8.7 Boron removal using glycidol-functionalized hydroxyapatite calcined at different
temperatures (300 and 1000 °C)

boron in the presence of interfering ions in comparison to the Hap-1000. We
conclude that the higher calcination temperature enhanced the surface activity,
crystallinity, and porosity of the Hap-1000. Also, due to the highly agglomerated
surface of Hap-350, its internal hydroxyl groups are less accessible in the presence
of interfering ions. Hence, low selectivity was obtained.
Many research studies have recognized the capability of Hap to bind heavy
metal ions efﬁciently and various mechanisms (ion exchange, surface complexation,
co-precipitation, etc.) have been proposed to describe heavy metals uptake from
using Haps-based materials [33–37]. Corami et al. [51] investigated the removal of
cadmium ions from aqueous solutions by Hap under batch conditions at 25 ± 2 °C
in a single- and multi-metal (Cd + Pb + Zn + Cu) systems. They reported higher
sorption efﬁciency of Hap in the single-metal system as compared to the
multi-metal system (63–83%), which was attributed to interference from the
competing metal ions. According to their study, the cadmium immobilization
occurred via two-steps mechanism: initial surface complexation followed by partial
dissolution of Hap and ion exchange between Cd2+ and Ca2+ [51].
Mobasherpour et al. [34] synthesized nano-hydroxyapatite and examined its
potential for Ni2+ uptake from aqueous solutions under different experimental batch
conditions. They reported that the synthesized nano-Hap reduced the initial Ni2+
concentration (80 mg/L) to 51 mg/L within 5 min. Similarly, they proposed that
Ni2+ removal mechanism by nano-Hap follow two steps. The surface complexation
of the Ni2+ on the POH sites of the Hap, which led to a decrease in the solution
pH (pH 6.6–6.2) and co-adsorption, in which adsorbed Ni2+ ions were substituted
with Ca2+ ion according to the general equation where M2+ is a divalent metal ion
[34, 51]:
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Wei et al. [42] developed poorly and highly crystalline nanohydroxyapatites for
the removal of fulvic acid (FA) from simulated aqueous solution. The synthesized
Haps were well characterized, and their removal efﬁciency in the presence of
alkaline earth metal ions and various parametric conditions were investigated.
According to [42], the nanosized Hap calcined at higher temperature had lower
uptake capacity for FA than the poorly crystalline Hap calcined at a lower temperature. They reported that the FA removal efﬁciency decreased as the pH
increased, but increased with increases in solution ionic strength, Hap dosage, and
the presence of alkali earth metal ions. They concluded that the adsorption of FA by

Scheme 8.3 Mechanisms for uptake of fulvic acid by poorly crystalline nano-Hap. Reprinted with
permission from [42] Copyright © 2015, Elsevier
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Hap was achieved through the electrostatic interaction between the charged FA
molecules and the charged Hap surface based on the pKa of FA and the pHpzc of the
Hap as illustrated in Scheme 8.3.
El-Zahhar and Awwad [39] reported the removal of malachite green dye
(MG) by organically (ethylhexadecyldimethyl ammonium bromide) modiﬁed
hydroxyapatite. As expected, the MG equilibrium uptake was temperature, pH, and
initial dye concentration dependent. A maximum monolayer sorption capacity of
188.18 mg/g was recorded and concluded electrostatic interaction occurred
between the MG and organo-apatite. Lemlikchi et al. [40] equally investigated the
adsorption and co-precipitation of three textile dyes on Hap. The sorption process
was concluded in 24 h, and they observed that the Hap surface functional groups
interacted strongly with the investigated dyes.
Gangarajula et al. [46] investigated the photocatalytic activity of pure strontium
based-hydroxyapatite (SrHap), its Ti-substituted and TiO2 loaded forms for the

Fig. 8.8 i Degradation proﬁle of 50 ppm p-nitrophenol (pnp) carried out using 20 wt%
TiO2-SrHAP, ii lnCt/Co versus time plots; Degradation proﬁles of 10 ppm pnp carried out using
iii 5 mol% Ti Sr-HAP iv SrHAP. Reprinted with permission from [46] Copyright © 2015, Elsevier
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Fig. 8.9 Photocatalytic
mechanism of cyanide
degradation by Pd–TiO2Hap. Reprinted with
permission from [47]
Copyright © 2013, Elsevier

degradation of p-nitrophenol and compared to its calcium analog. The SrHap
exhibited promising photocatalytic activity. It was reported that the photodegradation pathway of Ti-SrHap differs from those of TiO2-SrHap and SrHap based on
LC-MS and UV–vis data. They concluded that 20 wt% TiO2-SrHAP emerged as
the best catalyst, and the degradation proﬁle is shown in Fig. 8.8.
Mohamed and Baeissa [47] prepared Pd–TiO2-hydroxyapatite nanoparticles by
an ultrasonic irradiation method and utilized it for the photocatalytic degradation of
cyanide under visible light. The Pd–TiO2-Hap photocatalytic performance was
compared with Pd–TiO2, as reported the Pd–TiO2-Hap samples have a higher
photocatalytic activity and a degradation rate constant 2.71 times higher than that
of Pd–TiO2 obtained. The photocatalytic mechanism of cyanide degradation by
Pd–TiO2-Hap is shown in Fig. 8.9.

8.5
8.5.1

Parameters Influencing Pollutants Adsorption
by Hydroxyapatite-Based Materials
Effect of Solution pH and Hap Morphologies

The pH of the solution has a signiﬁcant on the uptake of pollutants onto various
Hap-based materials. The effect of pH can be explained in terms of adsorbents
pHpzc (point of zero charge) [2, 33, 42]. The surface of the adsorbent is neutral at
pH = pHpzc, negatively charged at pH > pHpzc and positive at pH > pHpzc. Hence,
adsorptive uptake of pollutants increases when the adsorbent surface is negatively
charged and that of pollutant is positively charged or neutral. However, a signiﬁcant
decrease in the adsorption is observed when both the adsorbent surface and pollutants become negatively charged [9]. Figure 8.10 illustrates the effect of solution
pH on the uptake of fulvic acid [42]. As shown, FA uptake by the poorly crystalline
Hap decreased with increases in initial solution pH from 3 to 10.
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Fig. 8.10 Effect of pH on the adsorption of FA onto poorly crystalline Hap. Reprinted with
permission from [42] Copyright © 2015, Elsevier

The effect of crystallinity of Hap-based nanoceramic adsorbents on boron
adsorption capacity is illustrated in Fig. 8.11. As shown, decreases in the adsorbent
crystallinity resulted in noticeable decrease in boron uptake by the nanosized
Hap. As the crystallinity decreased from 0.78 to 0.52, the boron uptake decreased
from 78.65 to 53.55 mg/g. With a further decrease in the crystallinity to 0.29, the
boron uptake decreased remarkably to 25.95 mg/g. The decrease in uptake capacity
was ascribed to the decrease in the particle size, increases in the particle agglomeration and crystallinity of Hap particles as the calcination temperature increases.
Therefore, we concluded that the adsorption ability for boron of the poorly crystalline Hap-350 was much lower than that of Hap-700 and Hap-1000. Wei et al.
similarly concluded that the adsorption ability of Hap is dependent on its surface
area, particle size and crystallinity [42].

8.5.2

Effect of Ionic Strength

Ionic strength is a distinct property of the solution affecting the afﬁnity between the
adsorbate and the adsorbent. In most of the cases, removal efﬁciency decreases with
increasing ionic strength of reaction media. The electrical double layer is observed
when two phases (metal ion species and Hap) are in contact due to electrostatic
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Fig. 8.11 Effect of crystallinity of Hap-based nanoceramics on boron adsorption capacity

interaction. As shown in Fig. 8.12, when CaCl2 concentration increased from 0 to
2.5 mg/L, the adsorption capacity of glycidol-functionalized Hap-1000 particles
decreased slightly; however, Hap-350 particles are insensitive to the solution ionic
strength. We concluded that Hap-1000 forms outer sphere complexes with boron
and electrostatic interaction played a partial role in the adsorption, whereas,
Hap-350 interacted with the boron species via inner sphere complexes [52].

Boron sorption capacity (mg/g)
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0.0M CaCl 2
0.5M CaCl 2
1.5M CaCl 2

60

2.5M CaCl 2

40
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0
Hap-350

Hap-1000

Fig. 8.12 Effect of solution ionic strength on boron adsorption using Hap-350 and Hap-1000
(Hap-350: glycidol-functionalized hydroxyapatite calcined at 350 °C and Hap-350:
glycidol-functionalized hydroxyapatite calcined at 1000 °C)
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Fig. 8.13 Schematic diagram of degradation systems: I M-Hap(I)/UV, II Cu-M-Hap (II)/H2O2
and Co-M-Hap(II)/H2O2, III Ag-M-Hap/Vis. Reprinted with permission from [48] Copyright ©
2014, Elsevier

8.6

Fenton-like Degradation of Pollutants
by Hydroxyapatite-Based Materials

Valizadeh et al. [48] prepared magnetite-hydroxyapatite (M-Hap) nanocomposites
via a chemical co-precipitation method and characterized the M-Hap by X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), and scanning
electron microscopy (SEM). The catalytic performance of Hap was enhanced by
modiﬁcation with transition metals (Mn, Fe, Co, Ni, Cu, and Zn), and subjected to
degradation of Acid Blue 25 (AB25) in the absence of UV irradiation and the
presence of hydrogen peroxide, i.e., a Fenton-like reaction. They reported that the
best results were obtained when M-Hap was modiﬁed with Cu and Co under
varying conditions. Also, M-Hap was modiﬁed with silver ions and its photocatalytic efﬁciency in the visible light region was investigated. The schematic illustration of M-Hap-based catalyst in a Fenton-like reaction is shown in Fig. 8.13. For
the Fenton-like system, they reported that acidic pH and high concentration of
catalyst and H2O2 were promising [48].

8.7

Proposed Future Perspectives

Hydroxyapatite as an adsorbent has gained considerable attention from researchers
due to its speciﬁc characteristics such as bioactivity, environmental friendliness,
excellent adsorption performance, low cost, low water solubility, high stability
under oxidizing and reducing conditions. To improve the adsorption and catalytic
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efﬁciencies of Hap, many groups employed modiﬁcation, co-doping, and impregnation methods on Hap. These modiﬁed Haps have improved features including
easy regeneration, fast recovery using external magnet ﬁeld and strong binding
capabilities for pollutants.
A smaller number of studies have reported the competitive adsorption of pollutants on various Hap-based materials. Hence, the competitive pollutant adsorption
should be addressed in the presence of organic, biomolecules, and other toxic
contaminants for wide-scale commercial applications. Advanced studies should be
directed towards the utilization of Hap-based materials in catalytic degradation of
pollutants. The preparation method of Hap-based should be easily controlled, and a
one-pot synthesis should be encouraged. Modern optimization methods (such as the
response surface methodology, artiﬁcial neural network, and multivariate algorithm) should be applied to optimize the treatment conditions using Hap-based
materials. A comprehensive cost-beneﬁt analysis of the Hap-based materials in the
treatment of industrial wastewaters should be developed.

8.8

Conclusions

Herein, various synthesis routes for hydroxyapatite-based ceramic materials were
briefly explored including the advantages and limitations of each technique. The
utilization of Hap-based materials for wastewater treatment was described, and
Hap-based materials proved to be promising for the treatment of pollutants-laden
wastewaters. The factors such as particle size, crystallinity, solution pH, initial
pollutant concentration, and ionic strength of competitive ions affect the adsorption
process. The percent removal of pollutants using Hap-based materials increases
with the increase in interaction time, Hap crystallinity, adsorbent dose, and pH
(based on the Hap surface charge and the pollutants chemistry) whereas; it
decreases with the increase in Hap particle size and ionic strength. It is important to
note that, the above trend may change depending on the different pollutants and
Hap-based materials. The application of Hap-based catalysts for Fenton-like
degradation of toxic pollutants was briefly researched. Overall, our ﬁndings
demonstrated that Hap-based materials are efﬁcacious materials and highly
promising in the environmental science. Advanced studies regarding the fabrication
of recyclable, magnetic-enabled and high-sorptive Hap-based materials will pave
the way for the realization of high-performance pollutant–laden wastewater treatment in commercial scale.
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Chapter 9

Sol–Gel Derived Organic–Inorganic
Hybrid Ceramic Materials for Heavy
Metal Removal
D. Kołodyńska, T.M. Budnyak, Z. Hubicki and V.A. Tertykh

Abstract Modiﬁcation of the silica surface leads to the change in chemical composition of the surface which can be modiﬁed either by physical treatment (thermal
or hydrothermal) or by chemical treatment. Such modiﬁcations signiﬁcantly affect
the adsorption properties of the materials and especially mechanical stability and
water insolubility, increasing the efﬁciency, sensitivity and selectivity of the analytical application. A variety of types of organic polymers can be employed in the
synthesis of hybrids with silica. One of them is chitosan. Chitosan and silica as well
as their composites have attracted a great attention as effective hybrid biopolymeric
sorbents due to high sorption capacity, cost-effectiveness, renewability and high
stability. Owing to the presence of amino groups, chitosan is cationic and capable of
heavy metal ions bonding. Several studies have reported on the metal ions removal
of using chitosan or chitosan adsorbed onto conventional silica. Their short characterization is presented in this chapter. Moreover different ways of silica–chitosan
composites are also discussed.
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9.1

Tetramethoxysilane
Vinyltriethoxysilane
Vinyltrimethoxysilane

Introduction

Organic–inorganic hybrid materials, usually known as ceramers or ormocers, have
received considerable attention as a new class of composite materials through the
novel properties that can arise from the combination of organic polymer and inorganic material. The design and synthesis of organic–inorganic hybrid materials have
attracted considerable interest over the past decades not only for the structural
diversity, but also due to their multifunctional applications in different areas, such as
adsorption, magnetism, photochemical areas, ion-exchange and catalysis. Organic–
inorganic hybrid materials synthesized at room temperature by a sol–gel method are
particularly attractive for obtaining: micro-optical elements, optical coatings as well
as sorbents as they combine some typical properties of organic (elasticity organic
functionalities, flexibility, ductility, tightness and chemical inertness) and inorganic
(hardness, thermal and chemical stability, transparency and a large refractive index)
constituents [1–3]. If the inorganic species is a silica, derivatives are formed by the
sol–gel process and the change from base to acid catalysis makes a large difference
because base catalysis leads to a more particle-like microstructure while acid
catalysis leads to a polymer-like microstructure. In this process small molecules are
used as precursors (alkoxysilanes, metal alkoxides as well as metal halides in organic
solvents) for the formation of cross-linked materials. As a medium water and organic
solvents are used. Applying acid-catalyzed reactions (HCl) an open network structure is formed in the ﬁrst steps of the reaction leading to condensation of small
clusters and forming dense structures. The base-catalyzed reaction (NaOH or
NH4OH) leads to highly cross-linked sol particles already in the ﬁrst steps. Formed
materials are porous and loose. This can lead to variations in the homogeneity of the
ﬁnal hybrid materials. Therefore the role of the catalyst and its concentration is very
important. The pH used therefore has an effect on the kinetics which is usually
expressed by the gel point of the sol–gel reaction. The structure of the precursor is
also important. Larger substituents decrease the reaction time due to steric effects
and play a signiﬁcant role in the solubility of the precursor in the solvent. Another
factor is solvent. Water is required for the reaction and if the organic substituents are
quite large (usually the precursor becomes immiscible in the solvent). Moreover the
solvent concentration and its polarity have a great role. Therefore the choice of
solvent should be very well thought out. Another used solvent can interfere in the
hydrolysis reaction, for example alcohols can undergo trans-esteriﬁcation reactions
leading to quite complicated equilibria in the mixture. The transition from a sol to a
gel—gelation point occurs when links between the sol particles are formed. At this
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point the reaction has not ﬁnished, but condensation reactions can go on for a long
time until a ﬁnal stage is reached. This process is called ageing. During this reaction
the material shrinks and stiffens. Reaction parameters such as drying rate, gelation
time, pH, etc. can have a major influence on the cracking of the gels and have
therefore to be optimized. The water to precursor ratio is also a major parameter in
the sol–gel process (for tetraalkoxysilanes used as precursors, two water molecules
per starting compound are necessary to form completely condensed SiO2).
Transition-metal alkoxides also show a lower electronegativity compared with silicon which causes them to be more electrophilic and therefore less stable towards
hydrolysis in the sol–gel reactions.

9.2
9.2.1

Method for Sol–Gel Hybrid Materials Preparation
Basics of the Sol–Gel Reactions

Sol–gel reaction has been extensively studied for several decades as a method to
prepare ceramic precursors and inorganic glasses at the relatively low temperatures.
The major advantage of the process is that mild conditions, such as relatively low
temperature and pressure, are used in this type of ceramics processing. Within the
past years, the sol–gel process was widely used to create novel hybrid nanoscaled
materials based on organic and inorganic components [4–6]. For obtaining such
composite materials, the sol–gel reaction is carried out in the presence of macromolecules, which contain functional groups and could be immobilized on the
inorganic component. Simplicity and possibility of variation of the quantitative
ratio of reagents, as well as the nature of initial materials, provide a wide range of
applications of the materials [7].
The sol–gel process can be viewed as a two-network forming process, the ﬁrst
step being the hydrolysis of silicon alkoxide and the second consisting in a polycondensation reaction. Most interest in this method is focused on silicon and
metal-containing alkoxides, since they can form an oxide network in organic
matrices. The sol–gel reactions of alkoxysilane can be described as follows
(Eqs. 9.1–9.4) [3, 4]:
hydrolysis:
Si-OR + H2O

H+ or OH-

ð9:1Þ

Si-OH + ROH

polycondensation:
Si-OH + HO-Si

H+ or OH-

Si-O-Si

+ H2O

ð9:2Þ
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and/or
Si-OH + RO-Si

H+ or OH-

Si-O-Si

+ ROH

ð9:3Þ

If these sol–gel reactions are complete, full condensed silica is obtained in this
process that can be summarized by the following equation:
H or OH
ð9:4Þ
Si(OR)4 + H2O
SiO2 + 4ROH
+

-

Hydrolysis of alkoxysilanes could take place under both base- and acid-catalyzed
mechanisms. However, base or acid catalysts for alkoxysilane hydrolysis are mostly
catalysts used in the condensation process. Effects of substituents were studied for
better understanding the peculiarities of alkoxysilane hydrolysis [8–11]. Under basic
conditions, the hydrolysis of alkoxy groups usually takes place in a stepwise manner.
Carbon-bonded substituents can have profound effects on the rate of hydrolysis. With
the exception of aminosilanes, most silanes are employed in the surface treatment
applications under acid-catalyzed conditions. The rate of acid hydrolysis is signiﬁcantly greater than that of base hydrolysis and is minimally affected by other
carbon-bonded substituents. The hydrolysis is preceded by protonation of the O-R
group. The rates of hydrolysis of the alkoxy groups are generally related to their steric
bulk and increase with the increasing carbon number in the molecule. It was found that
the rate of methoxysilane hydrolysis was 6–10 times greater than that of ethoxysilane.
In the case of base condensation, the hydrolysis of alkoxy groups is stepwise and the
difference in the hydrolysis rate between the ﬁrst alkoxy group and the second one is
greater. Thus, the increased organic substitution enhances the hydrolysis rate, i.e.
Me3SiOMe > Me2Si(OMe)2 > MeSi(OMe)3 [12].
There are many different synthetic techniques used in the sol–gel process to
generate polymer–silica hybrid materials. One of them is the in situ formation of an
inorganic network in the presence of a preformed organic polymer. These hybrid
materials possess strong chemical bonds (covalent or ionic) between the organic
and inorganic phases. Also, physical or weak interactions can be observed between
phases, for example, hydrogen bonding or van der Waals attractions. The technique
where the simultaneous formation of both organic polymer and silica matrix
occurred also exists. Those two methods of preparation of organic–inorganic
materials are distinguished by the sequence of formation of the organic and inorganic components.
Polysaccharides, such as chitosan, are polyhydroxy compounds because they are
composed of numerous monosaccharide residues. Their hydroxyl groups could
form hydrogen bonds or get into the condensation reaction with silanol groups
produced in the course of hydrolysis of the precursor, thus providing silica
nucleation on macromolecules. Presence of amino groups in a molecule of chitosan
facilitates the hydrolysis of tetraethoxysilane (TEOS) and condensation of created
silanol groups as well as reaction of silanol groups of silica with carbonyl groups of
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polymer formatting Si–O–C bonds. Another factor which influences the formation
of such a network is pH which is chosen for materials preparation. Under the acidic
conditions employed, the amine group of chitosan is protonated and forms a
charged NH3+ group which, in turn, is an even better hydrogen bonding partner
than an uncharged NH2 group.

9.2.2

Application of Nonfunctional Silica Precursors

In [13] the possibility of cross-linked chitosan–silica beads to be used as an
adsorbent to adsorb the lignosulfonates, water-soluble anionic polyelectrolyte
polymer was investigated. The surface morphologies of chitosan and chitosan–
silica beads at 5000 magniﬁcation are shown in Fig. 9.1. It was observed that the
Fig. 9.1 SEM images of
chitosan (a), chitosan–silica
beads (b) [13]. Reprinted with
permission from [13]
Copyright © 2016, Taylor &
Francis Group
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surface of chitosan prior to the cross-linking process was smooth and less porous.
However, after crosslinking, the surface morphology became coarser and more
porous. The silica particles are in the form of white round beads, and their dispersion within the matrix is clearly visible.
A simple microfluidic method to fabricate chitosan–silica hybrid microspheres in
one step was described in [14]. TEOS was used as a silica precursor into the
chitosan/acetic acid aqueous solution to form the chitosan–silica sol, and then
emulsiﬁed it in an organic phase mainly containing n-octanol and an organic base
trioctylamine by a coaxial microfluidic device (Fig. 9.2). Usage of such device
allows one to prepare aqueous droplets with further solidiﬁcation because of the
extraction of acetic acid and water to the organic phase. Obtained hybrids were
characterized by such advantages, as a controllable sphere diameter, narrow size
distribution and good sphericity of the particles. It is found that the inner and
surface structures of the microspheres can be controlled by adjusting the solidiﬁcation reagent component. It was discussed that described hybrid microspheres
could ﬁnd application in protein immobilization by chemical grafting a model
protein, bovine serum albumin, onto the hybrid microspheres. Loading capacity of
the hybrid microspheres is much higher than that of pure chitosan and increases

Fig. 9.2 The experimental setup: flow chart of the experiment (a), the coaxial microdevice
(b) [14]. Reprinted with permission from [14] Copyright © 2010, Springer Science+Business
Media, LLC
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with the TEOS concentration. Moreover, the existence of silica in the chitosan
spheres can enhance both of mechanical intensity and protein loading capacity of
the microspheres.
Chitosan–silica composites were obtained by the sol–gel method through
hydrolysis of TEOS in the chitosan solution in the acidic medium with different
time of sol maturing (5, 10 and 14 days). The scheme of the synthesis is presented
on the Fig. 9.3.
The synthesis time by the sol–gel method influences the textural characteristics
of the surface. It was found that the surface area increased with increasing the time
of sol maturing. Thus, the BET surface area of composites increased with the
increasing the number of sol–gel reaction days: 359 m2/g in the case of the composite prepared within 5 days, 476 m2/g—10 days, and 490 m2/g—14 days. It was
found that all the obtained composites correspond to the microporous materials
(Fig. 9.4).
The strength and thermal properties of hybrid materials made of
tetraethoxysilane/vinyltriethoxysilane (TEOS/VTES) and chitosan at different
weight ratios were studied in [15]. It was conﬁrmed that hydrogen bonds were
formed between chitosan and SiO2 in hybrid materials. With the addition of more
VTES and TEOS, the surface of the hybrid material appears as thick granules. In
addition, mechanical performance and thermostability of both types of hybrids are
better than those of pure chitosan.
By the introduction of urethane groups into phthalated chitosan the highly
homogeneous composite materials of chitosan and silica gel were obtained. The
homogeneity of the polymer hybrids was shown to be dependent on the initial
contents of tetramethoxysilane (TMOS) and the acid catalyst. With the increase in
TMOS or the acid catalyst, the homogeneity of the polymer hybrids was improved
due to the enhanced interactions of the hydrogen bonding and/or the increasing rate
of gelation. The homogeneity of the polymer hybrids was found to be improved in a
similar manner. Chitosan was initially treated with phthalic anhydride to improve
its solubility. This phthalated chitosan was further reacted with n-propyl isocyanate
in N,N–dimethylformamide (DMF) at 90 °C. Comparing the results of the chitosan
with and without the urethane groups, the afﬁnity of the organic polymer to silica
gel was improved by the introduction of the urethane group that should work as a
good hydrogen bonding accepting group. The carbamated chitosan was mixed with
TMOS in DMF in the presence of HCl as a catalyst for the sol–gel reaction of
TMOS, and the resulting reaction mixture was heated at 90 °C for 200 h. The
homogeneous and transparent composites were obtained when the ratio of the
chitosan and TMOS was less than 1:4. The dispersity of the chitosan domain in the
polymer hybrid was veriﬁed by the nitrogen porosimetry method. A porous silica
obtained by charring the chitosan polymer hybrids was found to have nano-pores at
a nanometer scale. The results indicate that the chitosan was dispersed in the
polymer hybrids at a molecular level. The present method may provide a general
method for the preparation of homogeneous polymer hybrids starting from natural
organic polymers that have hydroxyl groups [16].

260

D. Kołodyńska et al.

Fig. 9.3 The scheme of synthesis of chitosan–silica composite

The sol–gel process has potential application in sensor coatings application [17].
In paper [18] the authors combine advantages of chitosan, such as the high content
of a basic amino group, the high hydrophilicity and the ability to form a transparent
thin ﬁlm with valuable characteristics of sol–gel method: a simple process which
can be used to prepare gel materials that can immobilize different functional
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Fig. 9.4 Pore-size distribution curves based on volume (a) and size (b) for the samples of the
composite prepared by sol–gel method during 5 days 1, 10 days 2 and 14 days 3

reagents in working electrodes. The electrochemiluminescence-optic oxalic acid
sensor was created with Pt-electrode coated with chitosan modiﬁcated by Ru(bpy)2+
3
complex moieties [19].
The chitosan–silica aerogels were obtained through preparation of primary
aqueous sol. It was shown that it is necessary to use a mixture of HCl and HF acids
at the ratio 3:1 to achieve reasonable gelation times [20]. The silica gel/chitosan
composite was prepared by the sol–gel method by mixing silica gel and chitosan
and cross-linking with bifunctional cross-linker glutaraldehyde [21].
The hybrid xerogels were produced by combination of chitosan with siloxane
oligomers via sol–gel generating. It was described that these xerogels can be used to
produce silica samples with a high surface area and controlled porosity by choosing
a convenient siloxane/chitosan ratio for the hybrid precursor. Moreover, the morphology of the hybrid xerogels and the ﬁnal silica after elimination of the organic
residue depends on the method of preparation, giving either flat irregular shaped
silica particles with a layered morphology or porous spherical silica particles. The
results have shown that chitosan readily associates with siloxane oligomers, precursors of silica by sol–gel, to form nanocomposites acting as templating agents for
the morphology of the inorganic network [22].
A new method for immobilizing a-amylase in a hybrid inorganic–organic
membrane has been developed for the purpose of potential applications as a
membrane bioreactor in aqueous phase [23]. It was shown that chitosan can act as
an enzyme-stabilizing host and a dispersant which can homogeneously mix an
inorganic (SiO2) phase and an organic (polymer) phase. It was found that the
enzyme-incorporated membrane showed a very stable activity for the period of our
experimental setup (30 days).
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Application of Functional Organosilanes as a Silica
Precursor

Functional silanes are broadly used for providing additional functionality to hybrids
materials. Application of such modiﬁers leads to reduction of synthesis stages and
ability to control the number of additional functional groups. Thus, 3–aminopropyltriethoxysilane (APTES) is broadly used for the involvement or increase of a
number of amino groups on the hybrid surface [24]. In preparing the hybrid
membranes [25], the amino-contained precursor (10 wt%) was ﬁrst hydrolyzed in
the presence of the acid catalyst, e.g. HCl, resulting in formation of silanol groups.
Then, the hydroxyl groups in one organosilanol formed siloxane bonds with those
in another organosilanol or with the amine groups in chitosan through a reaction
with water or alcohol elimination during the membrane drying. Also, the hydroxyl
and amine groups in the silanol can form hydrogen bonds with the dissociated
hydroxyl groups or amine groups in the chitosan amorphous region, and these
hydrogen and siloxane bonds are the cross-linking sites in the hybrid membranes.
The synthesized membranes were applied for pervaporation (PV) of the
methanol/dimethyl carbonate mixture. The results of PV separation show that the
hybrid exhibits a higher permeation flux and separation factor than those of the pure
chitosan membrane under the same operating conditions, and the surface reconstruction occurred to both the pure chitosan membrane and the hybrid during PV
processes. It was found that the time for the surface reconstruction of the hybride is
longer than that of the pure chitosan. The effects of feed methanol (MeOH) concentration and temperature on the rate of surface reconstruction of the chitosan
membrane and the hybride is similar. The rate of surface reconstruction increases
with the increasing MeOH concentration or temperature. The feed concentration
affects not only the hydrophilicity of the membrane, but also the rate of surface
reconstruction. However, under the same feed concentration, the feed temperature
only affects the rate of surface reconstruction.
In [26] it was reported that chitosan/silica hybrids are of beneﬁt as suitable
environmental biomaterials and adsorbents under a wide range of conditions. There
were investigated thermal, optical, adsorption and biodegradability properties of
chitosan/silica hybrids prepared by the sol–gel process in a wide range of in situ
silica content from 0 to 100%. To prevent the dissolution of chitosan and silica in
the acid and alkaline solutions, respectively, all prepared hybrids were capable of
chelating Cu(II) as well as Fe(III) to a large extent. Biodegradability of hybrids was
conﬁrmed by lysozyme treatment.
The sol–gel method has been effectively used for the synthesis of homogenous
and flexible ﬁlms using chitosan and silica for optic application. In [27] it was
found that 2 wt% chitosan is optimum concentration for obtaining a homogeneous
and transparent coating. This amount was investigated by varying the experimental
conditions. A higher concentration of chitosan will increase the sol viscosity to a
greater extent and will interfere with the uniformity of coating. Functionalization of
the hybrid was effected through in situ hydrolysis–condensation reaction of
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methyltrimethoxysilane (MTMS) and vinyltri-methoxysilane (VTMS) in the reaction medium. The process yields highly transparent and hydrophobic silica–chitosan hybrids.
In the paper [28] transparent chitosan–silica hybrid ﬁlms with various silica
contents were prepared by in situ incorporation of silica by the sol–gel process at
room temperature. These composites were characterized for their viscoelastic nature, thermal stability and optical sensitivity. Study of morphology using a scanning
electron micrograph and the high resolution transmission electron microscopy
images of the nanocomposite ﬁlms suggests that the SiO2 nanoparticles are within
the range of 2–7 nm in diameter and are uniformly dispersed in the polymeric
matrix. It was found that the glass transition temperature and storage modulus
determined by the dynamic mechanical thermal analysis indicate better cohesion
between the phases, and the shift to higher temperature suggests the increased
interfacial interaction. It was shown that thermal stability of the chitosan-based ﬁlm
was enhanced and the thermal stability of the composites increased with the
increasing silica concentration and the residue corresponds to the content used for
reinforcement suggesting that the sol–gel reaction is complete.
The hybrid material was synthesized in a one-pot way, based on synergic
grafting polymerization, sol–gel reaction and amphiphilic self-assembly. The core
organosilica was formed by hydrolysis and condensation of 3-(trimethoxysilyl)propylmethacrylate precursor that was simultaneously polymerized using aminogroups contained tert-butyl hydroperoxide, as a redox-pair initiator [29].
Through applied the proper ratio of 3-(trimethoxysilyl)-propylmethacrylate to
chitosan, the size of nanospheres were adjusted below 100 nm. This synthesis
method simpliﬁed the preparation of polymer–silica nanospheres by eliminating the
previous core-forming step, and employing biopolymers as shell material. Since a
large number of biomolecules contain −NH2 groups (e.g. gelatin and casein), this
method sheds a new light on the preparation of a variety of silica–biomolecule
hybrids. It was reported that the obtained organosilica–biopolymer nanospheres
could be applied in heterogeneous catalysis, gene deliveries and antibacterial
technologies.
Polysaccharide–inorganic hybrids based on low molecular weight chitosan
attracts researchers’ attention because of their chemical versatility, which allows
tailoring novel functionalities accomplished by linkages between different polymer
groups and inorganic components. Novel chitosan–siloxane hybrids were synthesized by a sol–gel derived carboxylic acid solvolysis (Fig. 9.5).
Investigation of structural characteristics conﬁrmed that the derivatives are
bifunctional hybrids, in which urea and urethane bridges covalently bond chitosan
to the polysiloxane network (Fig. 9.6). It was shown that synthesized siloxane–
chitosan hybrids exhibit interesting photoluminescence characteristics that may be
suitable for their use as optical probes for applications in vivo [30].
The authors [31] suggested a new method to prepare macroporous chitosan
macrospheres used for enzyme immobilization. In contrast to chitosan, silica particles, which are commonly used as porogen, are insoluble in acidic media but
soluble in alkaline solutions. It was shown that these contrary properties allow use
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Fig. 9.5 Scheme of preparation of the chitosan–siloxane hybrids, using 3–isocyanatopropyltriethoxysilane [30]. Reprinted with permission from [30] Copyright © 2005, Royal Society of
Chemistry

of silica particles to control the number of pores in the chitosan macrospheres.
Through the adjusting the weight ratio of silica to chitosan the porous chitosan
macrospheres were obtained. In order to show the effect of silica on the surface
structure of the chitosan macrospheres, the scanning electron micrographs were
registered (Fig. 9.7). It can be seen that the carrier without silica as porogen had a
much more porous surface structure than hybrid macrosphere.
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Fig. 9.6 SEM images of chitosan (a), hybrid before immersion in simulated body fluid (b), hybrid
after 21 days immersion in simulated body fluid (c), energy dispersive spectroscopy analysis
d [30]. Reprinted with permission from [30] Copyright © 2005, Royal Society of Chemistry

Fig. 9.7 Scanning electron micrographs of support with silica as porogen (a) and the support
without porogen (b) [31]. Reprinted with permission from [31] Copyright © 2010, Pleiades
Publishing, Ltd.

3-Glycidoxypropyltrimethoxysilane (GPTMS) is broadly used as a precursor for
organic–inorganic hybrids preparation. Application of such siloxanes enables easy
preparation of porous composite sorbents. The method described in [32] allows
obtaining a new hybrid sorbent without organic solvents. Moreover,
cost-effectiveness and high stability make this approach attractive in biosorption.
The porous sorbent was synthesized by covalent grafting of molecularly imprinted
organic–inorganic hybrid on silica gel. With sucrose and polyethylene glycol 4000
being synergic imprinting molecules, covalent surface coating on the silica gel was
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obtained by using polysaccharide-incorporated sol–gel process starting with the
functional biopolymer, chitosan and an inorganic epoxy-precursor, GPTMS at room
temperature.
Ion-imprinting concept and polysaccharide-incorporated sol–gel process were
applied for preparation of a new silica-supported organic–inorganic hybrid sorbent
for selective separation of Cd(II) from aqueous solution. In the prepared shell/core
composite sorbent [33], covalent bound surface coating on the supporting silica gel
was obtained using Cd(II)-imprinting sol–gel process starting with an inorganic
precursor, GPTMS and chitosan. The sorbent was prepared by self-hydrolysis of
GPTMS, self-condensation and co-condensation of silanol groups from siloxane
and silica gel surface, in combination with in situ covalent crosslinking of chitosan
with partial amine shielded by Cd(II) complexation. Extraction of the imprinting
molecules left a predetermined arrangement of ligands and tailored binding pockets
for Cd(II). The ion-imprinted composite sorbent offered fast kinetics for Cd(II)
sorption and the maximum capacity was 1.14 mmol/g. The uptake capacity of the
imprinted sorbent and the selectivity coefﬁcient were much higher than that of the
non-imprinted sorbent. The imprinted sorbent exhibited a high reusability. The
prepared functional sorbent was shown to be promising for the preconcentration of
cadmium in the environmental and biological samples.
A new and effective strategy was proposed for the preparation of an organic–
inorganic composite matrix using spherical silica as a supporting core and porous
chitosan hybrid layer as shell, based on the sol–gel reaction and simple treatment
with ammonia solution [34]. After metal ion loading, an immobilized metal exhibits
afﬁnity for protein. In the prepared composite matrix, the coating layer was covalently bonded on the supporting silica by the polysaccharide-incorporated sol–gel
process starting with chitosan and an inorganic precursor GPTMS. This siloxane
possessed an epoxide group to cross-link amine groups of chitosan. The scanning
electron microscopy investigation showed that the wet phase inversion of chitosan
in ammonia solution endowed the coated chitosan hybrid layer with a porous
surface. X-ray diffraction investigations revealed signiﬁcant drop in chitosan
crystallization, indicating the availability of active amine groups.

9.3

Removal of Heavy Metal Ions by Organic–Inorganic
Hybrid Materials

Most of types of industrial wastes are accompanied by disposal of toxic heavy metal
ions such as As, Sb, Cr, Cu, Pb, Zn, Co, Ni, Cd and Hg. The presence of toxic
heavy metal ions, compounds or species in the aquatic systems or other environmental samples poses serious health risks and problems to humans as well as other
living organisms [35, 36]. Many technologies and methods for heavy metal ions
removal from waste waters have been developed, such as ion-exchange, evaporation and concentration, chemical precipitation, reverse osmosis, adsorption and
electrodialysis. Considering from economy and efﬁciency point of view, adsorption
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is regarded as one of the most promising and widely used methods [37]. These
methods have been proposed not only for the separation and recovery of heavy
metal ions but also CO2, H2S and ammonia. As for mercury adsorption, the efforts
have been mostly directed towards incorporation of thiol (–SH) groups in the pores
of mesoporous silicas and their hybrid materials.

9.3.1

Heavy Metal Ions Removal on Silica–Chitosan Hybrid
Materials

Modiﬁed by different ways, silica composites can be used for Cu(II) removal. For
example, batch adsorption experiments of Cu(II) removal were conducted using
silica, grafted silica with amine, silica coated with chitosan and silica coated with
low molecular weight chitosan as adsorbents [38–43]. The kinetic curves reveal that
Cu(II) adsorption is rather rapid. The equilibrium data match well with both
Langmuir and Freundlich isotherms with high maximum sorption capacities, for
example for SiO2 + NH2, SiO2 + CS and SiO2 + CSLMW 83.3 mg/g, 296.6 mg/g
and 87 mg/g, respectively [43]. The sorption kinetics follows the
pseudo-second-order equation. Adsorption capacity of Cu(II) on CS–SiO2 composite was signiﬁcantly increased with the increasing CS content coated on the
silica gel. Since chitosan coordinate Cu(II) ions the higher amount of chitosan was
coated on the adsorbent, the higher amount of Cu(II) could be adsorbed.
Silica gel–chitosan composites (SiCS) can be prepared by the sol–gel method
using silica gel and chitosan well as cross-linker glutaraldehyde for the chelation of
Cu(II) and Pb(II) from aqueous solutions using the batch method. A maximum
sorption capacity was observed at pH 5 for both Cu(II) and Pb(II). In the acidic
medium the protonation of amine groups takes place, which restricts the number of
binding sites for the sorption of Cu(II) and Pb(II). On the other hand, at pH > 6
precipitation of Cu(II) as Cu(OH)2 and Pb(II) as Pb(OH)2 was observed [41]. It was
proved that 870 mg/g of Cu(II) and 330 mg/g Pb(II) can be sorbed and other ions
such Cl−, NO3− and Ca(II) (3000 mg/L) do not have much effect on the efﬁciency.
SiCS removes Cu(II) and Pb(II) by means of ion-exchange, adsorption as well as
chelation.
According to Escoda et al. [42] colloidal silica particles were functionalized by
grafting by carboxylic functional groups SiO2(COOH) and encapsulation with
chitosan and N-carboxylated carboxymethyl–chitosan. The maximum uptake
capacity for Cu(II) was obtained with N-carboxylated carboxymethyl–chitosan
(172.4 mg/g). The removal of Cu(II) was further improved by coupling adsorption
with ultraﬁltration allowing an efﬁcient separation of the silica composites and
adsorbed Cu(II) ions from the treated solution. Synthesized silica-supported porous
sorbent by organic–inorganic hybridization combined with chitosan and polyethylene glycol imprinting was also applied for Cu(II) ions removal in wastewater
treatment.
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Different types of composites obtained by both encapsulation of modiﬁed colloidal silica of submicronic size by chitosan (SiO2 + CS) or by surfacecondensation
of
4-triethoxysilylbutyronitrile
and
transformation
to
carboxyl-grafted silica (SiO2(COOH) + CS) by hydrolysis of the nitrile groups
were used for Ni(II) removal from aqueous solutions [44]. The zeta potentials (f) of
silica particles change from 0 to −8 mV in the pH range 2–4. At pH higher than 4
they decreased to about −45 mV. However, after grafting of the carboxylic groups,
it was equal to −60 mV. The isoelectric point of the composite was reached for a
pH between 6 and 7. The zeta potentials of the composite were positive at pH < 7
and then the zeta potential turned to negative values at higher pH. The behaviour of
the obtained adsorbents show that the adsorption of Ni(II) is more extensive than at
pH 5 due to the competition between the adsorption of Ni(II) and protonation of
amine sites of CS. The maximum adsorption capacity is found to be 182 mg/g for
SiO2 + CS and 210 mg/g for SiO2(COOH) + CS. In paper [45] the results of Ni(II)
on chitosan coated silica SiO2-CS were also described. Maximum removal of Ni(II)
on biopolymer sorbents was at pH 5.0. The equilibrium adsorption data were
correlated well by the Langmuir and Freundlich isotherm equations. The maximum
monolayer adsorption capacity was equal to 254 mg/g. Besides, the batch studies
the sorbent was used in the dynamic mode. Column adsorption studies were carried
out under the optimum conditions with a flow rate of 2 ml/min and the inlet Ni(II)
concentration of 100 mg/L. The determined breakthrough curve proﬁles show that
Ni(II) removal was fast and highly effective. Its concentration in the effluent was
almost zero up to about 220 mL. Moreover, the maximum desorption occurred in
30 min with 60 mL volume of 0.1 M EDTA.
The study by Mohmed et al. [46] deals with the competitive adsorption of Cd(II)
ion onto silica grafted by chitosan. The batch adsorption experiments were performed for different initial Cd(II) concentrations −5, 10, 15, 20 and 25 mg/dm3 and
different ratio of silica to chitosan (100, 95, 85, 75 and 65%) and pH 5. It was found
that the recovery decreased with the increasing initial concentration of Cd(II). The
adsorption capacity of Cd(II) in regard to the ratio of silica and chitosan hybrid
adsorbents changes and its capacity was 1.95 mg/g with 100% of silica and
increases to 2.46 mg/g, 3.14 mg/g, for silica–chitosan 95 and 85%, respectively.
Decrease of adsorption percentages with the mass increase from 0.05 to 0.25 mg
was also observed because all the active groups on the adsorbent interacted with Cd
(II) ions. Elution of Cd(II) from the silica–chitosan sorbent was investigated using
nitric(V) acid at the concentration 0.01 M and it was proved not to be efﬁcient for
Cd(II) removal.
Carboxymethyl chitosan (CMCS) grafted with b-cyclodextrin (CMCS-g-CD)
modiﬁed silica gel as a new solid phase extraction (SPE) material has been
developed and used for Cd(II) removal [47]. It was found that such parameters as
pH, amount of adsorbent, contact time, concentration and volume of elution
solution and coexisting ions affect the separation and determination of Cd(II). As
pH of the solution increases from 3.0 to 6.0 the extraction percentage of Cd(II) also
increases. The same was observed in the case of the adsorbent dose increase from
0.01 to 0.12 g and the dose 0.12 g was sufﬁcient for Cd(II) retention. In 10 min. the

9 Sol–Gel Derived Organic–Inorganic Hybrid Ceramic …

269

extraction percentage reached above 95%. The adsorption capacity reached a saturation value at the initial Cd(II) ion concentration of 120 mg/L (saturation of the
active binding cavities on the sorbents). Additionally, the effect of different cations
1000-fold Mg(II) and Ca(II), 100-fold Pb(II) and Co(II), 10-fold Zn(II) and Cu(II)
on the adsorption of was studied. The results showed that these ions did not affect
the separation process and not interfere with the separation and determination of the
analytes. As for the Cd(II) determination in the tap water and lake water samples by
the FAAS method recoveries were in the range of 96–102%.
The silicate–chitosan composite biosorbents: silica (S), silica–chitosan (SC),
silica–chitosan–silica (SCS), silica–chitosan–silica–chitosan–silica (SCSCS) and
chitosan (Ch) were studied for removal of Cd(II), Cr(III) and Cr(VI) from aqueous
solutions [48]. For the SCS and SCSCS ﬁlms incubated with Cd(II) or Cr(III) the
maximum adsorption was achieved at pH 7 whereas for Cr(VI) at pH 4.0. Above
pH 7 Cd(II) and Cr(III) precipitate in the form of Cd(OH)2 or Cr(OH)3. The SCSCS
ﬁlms reached equilibrium within 4 h for the studied ions and for the SCS ﬁlms the
equilibrium was obtained within 8 h. The maximum sorption capacities were higher
for SCSCS compared to the SCS ﬁlms for Cd(II) 50.58 and 67.44 mg/g and for Cr
(VI) 35.37 and 46.28 mg/g, respectively. 80% of the adsorbed metal ions were
eluted by 5% HNO3. This non-covalent immobilization method allowed chitosan
surface retention and did not affect its adsorption properties.
In the paper by Gandhi [49] silica, silica gel–chitosan hybrid composite (SiCS)
and La(III) loaded SiCS composite (LaSiCS) were compared as for Cr(VI) removal.
It was proved that these sorbents reached saturation at 60 min. The maximum
sorption capacities at pH 4 of LaSiCS and SiCS composite are 5.31 and 3.5 mg/g,
respectively, whereas Si and CS has 1.08 and 0.7 mg/g, respectively, at 60 min of
the phase contact time. The studies were also carried out in the presence of common
−
ions like Ca(II), Mg(II), Cl−, SO2−
and NO3− (initial concentration
4 , HCO3
400 mg/L). There was no remarkable influence on the maximum sorption capacities
in the presence of anions which is due to large charge density of chromate(VI).
However, the presence of Ca(II) and Mg(II) ions resulted in the decrease of that
value from 5.6 to 4.0 mg/g.
Glutaraldehyde cross-linked silica gel/chitosan-g-poly(butyl acrylate)
(Cs-g-PBA/SG) nanocomposite obtained by the sol–gel method was used for
removal of Cr(VI) ions [50]. The effect of contact time was studied by varying time
(1–6 h) at a constant temperature (25 °C), adsorbent dose (1 g/100 ml), pH (7) and
initial concentration (100 mg/L). It was found that the optimal conditions were as
follows: 4 g of the optimum adsorbent dose, 120 min. of the contact time and pH 7.
The functional groups played a signiﬁcant role in the adsorption of Cr(VI) on
Cs-g-PBA/SG composite and the Langmuir isotherm model characterized the
process properly. The monolayer adsorption capacity was 55.71 mg/g. The kinetic
studies showed that the adsorption followed pseudo-second-order kinetics.
Silica–chitosan hybrid materials can also be used for As(III,V) removal [51, 52].
In [51] a hybrid process is described for the removal of As(III) and As(V) from
drinking water. For this aim two ceramic membrane modules connected in a series
were used. The ﬁrst was functionalized by trichloromethylsilane (triClMS) and the
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second by the in situ generation of Fe3O4 nanoparticles in the interior of pore
structure. Iron oxide has been selected due to its afﬁnity for As(V). Water containing 0.07 mg/L of arsenic (50% As(III) and 50% As(V) species) was puriﬁed
during 35 min of operation.

9.3.2

Heavy Metal Ions Removal on Clay and Zeolite
Chitosan Hybrid Materials

Sorbents obtained from assembling or dispersion of nanobuilding blocks are prepared as phase separated, intercalated and exfoliated structures. The typical
examples of such materials are nanocomposites of chitosan with clays and zeolites
[53–55]. Chitosan has a low surface area with poor chemical and mechanical
properties. Thus, physical and chemical modiﬁcations are necessary to overcome
these limitations. Clay has a lamellar structure with negatively charged surface that
interacts with polycationic chitosan. Chitosan functionalized cloisite, bentonite,
perlite, clinoptilolite, montmorillonite, alumina and calcium alginates were used for
the adsorption of heavy metals from water, for example such as Cr(VI). In these
cases electrostatic interactions between chitosan and the negatively charged surface
of their layers resulted in the formation of nanocomposites. In the case of the
CS-montmorillonite composites, pH of the solution affects the adsorption capacity
because Cr(VI) will form different kinds of anions at different pH values of the
solution [54].
The exfoliated structure of hybrid material was also obtained in the case of
chitosan and Cloisite 10A sorbent. The zeta potential of chitosan–cloisite surface at
pH below eight was positive because the amine groups of chitosan were protonated.
It is well-known that Cr(VI) ions existed as Cr2O72−, CrO42− and HCrO4− ions in
the pH range of 2–6. The optimum pH for the adsorption process was found to be
3.0, qmax value of chitosan–cloisite for Cr(VI) was 357.14 mg/g [55].
Poly(methacrylic acid)-grafted chitosan/bentonite (CS-PMAA-B) composite was
also synthesized for the adsorption of U(VI). They used N,N′-methylenebisacrylamide as a cross-linking agent. XRD patterns showed that bentonite was exfoliated
during the formation of composite. The adsorption process was carried out at pH
5.5 in which the CS-PMAA-B surface charge was negative and UO2(OH)+ was the
predominant species. XPS spectra showed that –COOH groups of composite
interacted with UO22+ [56].

9.3.3

Heavy Metal Ions Removal on Magnetite
Silica–Chitosan Hybrid Materials

Recently magnetite (Fe3O4) nanoparticles coated by the various inorganic and
organic materials forming stable shells on nano/microparticles have been the most
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popular. Among them, silica and chitosan are used [57, 58]. For example, superparamagnetic iron oxide modiﬁed by chitosan and coated with silica can be applied
in engineering and biomedicine areas. Moreover, the efﬁcient removal of Cu(II)
from aqueous solutions by Fe3O4@ hexadecyl trimethoxysilane@chitosan composites (Fe3O4@C16@CTS) was also described in [59]. Adsorption of Cu(II) on
Fe3O4@C16@CTS composites increases slowly at pH ranging from 2.0 to 5.0, then
increases rapidly at pH 5.0–8.0 and at last maintains a high level adsorption at pH
8.0. The result is dependent on the species of Cu(II) and the surface properties of
Fe3O4@C16@CTS at different pH values. The maximum adsorption capacity of
Cu(II) on Fe3O4@C16@CTS was found to be 261.78 mg/g at 298 K and higher
than those of Cu(II) adsorption on other sorbents such as amino-functionalized
magnetic nanosorbents, chitosan-bound Fe3O4 magnetic nanoparticles, sulfonated
magnetic GO, magnetic maghemite nanotubes, chitosan–tripolyphosphate beads or
modiﬁed active carbons.

9.3.4

Heavy Metal Ions Removal on Silica–Chitosan Hybrid
Materials with Chelating Agents

The group of Repo et al. [60] proposed the application of chitosan–silica hybrid
materials functionalized with EDTA (ethylenediaminetetraacetic acid) for Co(II),
Ni(II), Pb(II) and Cd(II) removal. The sorbents were obtained by reacting EDTA
anhydride with chitosan amino groups in the acetic acid methanol solution Three
different adsorbents were obtained: Chi:TEOS 2:60, Chi:TEOS 2:30, Chi:TEOS
2:15. They were also modiﬁed by EDTA: EDTA-Chi:TEOS 2:60, EDTA-Chi:
TEOS 2:30, EDTA-Chi:TEOS 2:15. The optimal pH for all the adsorbents was 3.0
with varying adsorption efﬁciency from 93 to 99% for 0.8 mM single metal
solutions. The maximum adsorption capacities ranged from 0.25 to 0.63 mmol/g.
The material with the highest chitosan content (EDTA-Chi:TEOS 2:15) and thus
the highest surface coverage of EDTA showed the best adsorption properties.
Analogous studies were carried out for applicability of DTPA functionalized silica
gel and chitosan [61] to the adsorption of Co(II) in the presence of EDTA. An
excess of oxalate ions or Fe(II) did not influence the Co(II) adsorption by
DTPA-chitosan due to its high ligand loading. However, adsorption of Co(II) was
enhanced by oxalate in the case of DTPA-silica gel, which was attributed to the
oxalate binding on the surface creating more adsorption sites for Co(II).
By grafting of chitosan onto the surface of ordered mesoporous silica, the
material was synthesized and used for on-line flow injection micro-column
separation/preconcentration coupled with ICP-OES determination of trace heavy
metals in the environmental water samples such as Cu(II), Pb(II), Cd(II), Hg(II) and
V(V) [62]. The following sorption capacities were obtained: 16.3, 21.7, 22.9, 12.2,
13.5 mg/g for V(V), Cu(II), Pb(II), Cd(II) and Hg(II), respectively. The studied ions
were poorly adsorbed at pH < 4, however, in the pH range of 5–9 the adsorption
was quantitative (>90%) for all the studied metals. As for Cu(II), Pb(II), Cd(II) and
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Hg(II) the adsorption mechanism could be attributed to the chelation of the amino
groups in the chitosan with the studied metal ions whereas V(V) anion could be
retained on the surface of sorbent by electrostatic effect.

9.4

Summary

Preparation of organic–inorganic hybrid materials is one of the most attractive ﬁelds
of sol–gel chemistry. Such materials have attracted much attention from material
scientists and chemists in recent years due to the possibility of combination at the
nanosize level of inorganic and organic or even bioactive components in a single
hybrid composite. The mechanism of metal adsorption on the silica–chitosan
derivatives involves electrostatic interactions (ion-exchange), metal chelation (coordination) and ion pair formation. Several parameters influence this reaction.
These are ionic charge of the adsorbent, solution pH and the chemistry of the metal
ion (ionic charge, ability to be hydrolyzed and form). Heavy metal ion removal has
attracted a considerable attention for beneﬁcial water usage due to their long-term
environmental toxicity as well as short-term public health damage. The design and
synthesis of organic–inorganic hybrid materials have developed over the last two
decades as chemists and materials engineers paid their attention to these materials.
In the synthetic process of organic–inorganic hybrid materials, the organic components usually act as templates for directing the connectivity and arrangement of
inorganic building blocks. Speciﬁcally, according to the size and scale of inorganic
building blocks, these organic–inorganic hybrid materials can be divided into
molecular scale and nanoscale organic–inorganic hybrid materials.

9.5

Future Scenario

New materials based on the modiﬁed chitosan–silica can be used. Chitosan as a
biopolymer represents an attractive alternative to other biomaterials because of its
signiﬁcant physicochemical (reactive hydroxyl and amino groups, high positive
charge in acidic conditions, good ﬁlm formation) and biological behaviours [63].
Their application in analytical determination is favoured by rather not complicated
synthesis and simple, fast, sensitive analysis. In most cases they are selective and
can be applied for the determination of trace heavy metals in the environmental
water samples. It is believed that this tendency of using the above mentioned
materials will be dynamically developed in the next years. Another way is application of mesoporous silica nanoparticles (MSNs) with chitosan which enables pH
responsive drug release and demonstrates great potential for drug delivery [32] or
biocomposite scaffolds containing chitosan/alginate/nano-silica (CS/Alg/nSiO2) for
bone tissue engineering applications [64–66]. Mesoporous chitosan/silica
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bioinorganic hybrid materials can be also applied as electrochemical sensors and
biosensors and catalysts such as silica/chitosan-supported nanosized palladium
catalysts [67–69].
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Chapter 10

Hybrid Ceramic Materials
for Environmental Applications
Alex T. Kuvarega, Bhardwaj Shivani and Bhekie B. Mamba

Abstract Ceramics and ceramic nanocomposites have attracted a lot of interest in
the recent past due to their relatively easy and well understood fabrication techniques as well as an array of commercial applications ranging from structural to
environmental. Their properties have been tailored to suit the desired applications
through nano-structuring of mono-, di-, tri- and even multi-phasic systems. This
chapter highlights some of the current state of knowledge on synthesis, processing,
mechanical properties and environmental applications of nanoceramics.

10.1

Introduction

Ceramic nanocomposites or hybrids have emerged as novel materials to create
multi-functional engineered materials for various applications such as self-cleaning
devices, ﬁlters for water puriﬁcation and industrial applications, adsorbents, sensors, photocatalysts and photovoltaics, electronic devices, corrosion protective
coatings, bactericide surfaces, coatings for biomedical applications, porous carriers
and bioactive scaffolds. Most of these applications are realised from the high
hardness, chemical inertness and high electrical and thermal properties of the
ceramics. They are also tolerant to high loading rates, high temperature, wear and
chemical conditions that are too severe for other materials [1]. Examples of ceramic
materials include alumina (a-Al2O3 and c-Al2O3), zirconia (ZrO2), titania (TiO2),
glass (SiO2) and silicon carbide (SiC). Hybrid materials are those with different
constituents mixed to form a composite material. The purpose of fabricating hybrid
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or composite structures is to create new materials with enhanced properties due to
constituent phase material synergism. The desired excellent properties of the
nanocomposite materials are dependant not only on the properties of their individual constituent phases, but also on their morphology and interfacial characteristics [2].
Ceramics can be broadly be classiﬁed into ﬁve categories depending on their
functional applications [3]:
(a) Functional ceramics for electrical and magnetic applications (i.e. dielectrics,
piezoelectrics, ferromagnetics), ionic conductors and superconductive
ceramics.
(b) Structural ceramics such as oxides, nitrides, carbides, borides and their
composites.
(c) Bio-ceramics (e.g. hydroxyapatite and alumina).
(d) Ceramic coatings of oxides, nitrides, carbides, borides, cermets and
diamond-like materials on suitable supports.
(e) Special glasses such as flat glass, ﬁre-resistant glazing and glasses for
optoelectronics.
This chapter focuses on the structural and ceramic coatings or composites that
have found special applications in environmental decontamination. The impending
shortage of resources coupled with the threat of global warming, call for innovative
technologies to tackle global challenges associated with energy resources, energy
conversion, energy storage and utilisation, reducing CO2 and NOx emission and
mitigating environmental pollution [4]. Ceramic materials anchored with target
coatings for additional functionality (e.g. catalyts, adsorbents, anti-bactericides,
metal chelates, sensors, etc.) as well as fabrication of novel ceramic ﬁlter and
separation membranes are some of the interventions envisaged to solve some of
these environmental challenges (e.g. photocatalytic ceramic membranes based on
TiO2 can be a novel technology for the provision of clean and affordable water to
poor communities).

10.2

Ceramics

Various kinds of ceramics have found applications in a wide range of advanced
processes because of their properties such as higher temperature stability, low
thermal expansion, extreme hardness, high corrosion resistance and diverse electrical properties ranging from insulation to semiconductor or even conductive
capabilities. Advanced ceramics can be broadly categorised as oxide and non-oxide
depending on the nature of their constituents. Different classes of these, such as
metallic oxides, silicates, phosphates, glass ceramics, nitrides and carbides, ferrites,
glass, carbon and graphite, porcelain and ceramic ﬁbres exist (Fig. 10.1).

10

Hybrid Ceramic Materials for Environmental Applications

277

Fig. 10.1 Classiﬁcation of ceramics

10.3

Ceramic Nanocomposites

On their own, ceramics have shown some desirable properties such as high
chemical and thermal resistance and enhanced wear resistance. However, most of
them are brittle, hindering their wide scale application in industry. In an effort to
overcome this limitation, a new class of materials with signiﬁcantly improved
physical and mechanical properties, ceramic nanocomposites, has emerged as one
of most rapidly evolving areas in composite research. Common nanocomposite
ceramic structures consist of mixed phases of nanoparticle constituents embedded
in a micro- or nano-sized matrix (Fig. 10.2) [5].
In the nanometer range, the surface area/volume ratio is quite high, resulting in
drastic increase in the interface or interphase area of the ceramic nanocomposites, a
dominant feature of their properties [6]. Improvements in functional properties such
as porosity and hydrophilicity have opened new ﬁelds of applications in environmental decontamination and remediation (e.g. wastewater treatment, treatment of
residuals for drinking water production, direct treatment of surface water or
desalination).
Ceramic nanocomposites have the potential to solve some of the current planetary environmental challenges.
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Fig. 10.2 The classiﬁcation of ceramic nanocomposites: a Micro/nano composite, with rounded
nanoparticles occupying both inter- and intra-granular positions inside a micronic matrix.
b Micro/nano composite, with elongated nanoreinforcements embedded in a micronic matrix.
c Micro/nano composite, with platelet-like nanoreinforcements embedded in a micronic matrix.
d Micro/nano composite, containing both rounded and elongated nanoreinforcements, embedded
in a micronic matrix. e Bi-phasic composite made by two immiscible ultra-ﬁne phases.
f Multi-phasic composite made from three (or more) immiscible nanophases. g Nano/nanolayer
type composite. h Nano- or micro-ﬁbres embedded in a ﬁne matrix. i Large second-phase
precipitates embedded in a ﬁne matrix. Reprinted from reference [6]

10.3.1 Fabrication Techniques
Ceramic and ceramic nanocomposite fabrication requires new design philosophies
and novel manufacturing concepts to overcome the many intrinsic drawbacks
hindering their application in various industrial and environmental processes [7].
Highly efﬁcient materials, designed for multi-functional capabilities and exhibiting
high functional and performance flexibility can only be a reality if the intimate
relationship between the chemistry and macromolecular architecture of the resulting
ceramic nanocomposites are understood [8]. Knowledge on the nanoscale structure
influences the bulk properties and enables the design of novel ceramic
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nanostructures. A successful approach requires careful control of conditions at each
fabrication step—from selection of chemical composition of the matrix during
synthesis to processing and sintering. Advanced technologies still need to be
unpacked for the synthesis of bi- or even multi-phase ceramic nanocomposites to
meet industrial-scale requirements [6].
Achieving a homogenous distribution of nanoparticles in a mixed phase
nanocomposite is still a challenge due to the extremely high speciﬁc surface area of
the nanoparticles hence their tendency to agglomerate. Another challenge is the role
of synthesis conditions on the microstructure and properties of sintered nanocomposite ceramics is poorly discussed in the literature and thus poorly understood. The
most common methodologies for fabrication of ceramic nanocomposite include the
conventional powder method, spray pyrolysis, combustion synthesis, electrophoretic deposition, chemical vapour deposition and the chemical methods such
as the sol–gel process, colloidal and precipitation methods and the template synthesis technique [9, 10].

10.3.1.1

Sol–Gel

The sol–gel method is based on hydrolysis and polycondensation of precursor metal
alkoxides. It has emerged as the most preferable method due to its versatility, simplicity and low cost. A number of parameters affecting the sol–gel process, such as
type of solvent, gelation period, temperature, pH, precursor type, solvent/metal ratio,
etc., allow a versatile control of structural and chemical properties of the ﬁnal oxide
material. In the sol–gel route, the spaces between colloidal particles act as pores
during the synthesis of ceramic membranes. Drying shrinks and transforms the gel to
the desired phase. Subsequent thermal treatment gives the ﬁnal ceramic or ceramic
nanocomposite oxide with the desired microstructure. Although the sol–gel process is
quite viable, precursors such as organometallics can be quite expensive [5].
Different types of ceramic and ceramic composites ranging from oxide/oxide,
oxide/non-oxide, non-oxide/non-oxide to glass ceramics have successfully been
synthesised through the sol–gel method. TiO2-Al2O3 [11], ZrO2-Al2O3 [12], CeO2ZrO2 [13], TiO2-SnO2 [14], TiO2/Fe2O3 [15] and La2O3/TiO2 [16] nanocomposites
are a few examples of the common oxide/oxide ceramics that have been fabricated
using the sol–gel process. TiO2-based ceramics are effectively used in environmental decontamination due to the high chemical durability, thermal stability,
relatively high hardness, wear resistance, low cost and the photocatalytic properties
of TiO2. In this ﬁeld, the TiO2 is usually in the form of membranes, ﬁbres, coatings
or thin/thick ﬁlms [5]. Non-oxide-based ceramic nanocomposites can also be
synthesised by the sol–gel process through heating in the presence of flowing
ammonia gas or nitrogen gas. AlN/BN is an example of such a material possessing
excellent dielectric properties, high thermal conductivity and mechanical strength
[17]. Glass ceramics incorporating SiO2 is another interesting class of materials
synthesised by the sol–gel process. Under this class V2O5/SiO2 [18], Mg2SiO4 [19],
SiO2/BaSO4 [20], Al2O3/SiO2 [21] and ThSiO4 [22] are a few classical examples.
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Spark Plasma Sintering Method

Another technique used to produce ceramic nanocomposites is plasma-phase synthesis. The technique is based on high intensity arcs, plasma jets and rf inductively
coupled discharges. Spark plasma sintering for example makes use of a microscopic
electric discharge between the particles under pressure. Ceramic powders such as
carbides, nitrides, oxides and solid solutions have been successfully synthesised
through this technique. Precursor materials are gases, liquids or solids. The
resulting materials are agglomeration free, well compacted nano-sized powders for
fabrication of dense nanostructured ceramics [23, 24]. Thin ﬁlms can also be
produced because of the low powder production rate. Contamination levels are
quite low and process parameters can easily be controlled. Metal/oxide nanocomposites such as La–CeO2–x and Cu–CeO2–x and mixed oxide nanocomposites such
as ZrO2/Al2O3 have reportedly been synthesised using cold plasmas [5, 9].

10.3.1.3

Chemical Vapour Deposition

Chemical vapour deposition (CVD) involves the use of a flowing precursor gas or
gases into a heated chamber containing a substance to be coated to result in
deposition of a thin ﬁlm on the surface. It is a vital technique for applying solid
thin-ﬁlm coatings to surfaces, though it can also be used to produce high-purity
bulk materials, powders and composite materials. Several variations exist and the
main advantage is easy control of the composition and microstructure of deposited
materials. However, the process is slow and initial raw materials are generally
expensive in addition to possible hydrocarbon contamination.
Non-oxide-based ceramics such as SiC–TiC–C, SiC–TiC [25] and SiC–TiSi2
[26] nanocomposites have been fabricated through CVD on a carbon substrate at
1223 K and 1 atm using TiCl4–SiH2Cl2–C4H10–H2 gas system. Oxide ceramic
nanocomposites (Al2O3–ZrO2) have also been synthesised through the CVD
technique [27].

10.3.1.4

Magnetron Sputtering

Sputtering is a technique that involves cold evaporation in the presence of pure
metals, alloys or compounds to deposit layers of material onto a suitable substrate.
It can easily be scaled-up to industrial level and is suitable for optical coatings due
to the high density, adhesion, hardness and enhanced thickness uniformity of the
deposited layer over a large area [28]. Use of reactive gases (oxygen, nitrogen or
hydrogen) in the presence of inert gases can result in oxides or nitride thin ﬁlms.
The ﬁlms can be nanocomposites of ceramic and metallic phases with enhanced
optical, electrical and magnetic properties [5]. Nickel nitride (Ni3N) and aluminium
nitride (AlN) ﬁlms were successfully generated by sputtering of nickel aluminide in
nitrogen plasma for potential application as recording media [29]. Dericioglu
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studied the effect of microstructure on the mechanical behaviour of reactive magnetron sputtered Al2O3/TiO2 multilayer ceramics. Through deposition pressure
regulation, nanostructured Al2O3 and TiO2 layers with a high degree of uniformity
and interlayer bonding were fabricated. Such materials could ﬁnd applications in
advanced engineering because of their improved mechanical properties [30].

10.3.1.5

Intercalation

Naturally occurring or synthetic layered structures such as graphite and clays can be
intercalated with inorganic and organic species to generate multi-functional
nanocomposites. Clay minerals such as montmorillonite can be anchored in the
interlayers of ceramics through exchange of their interlayer cations with polymeric
hydroxy cations followed by dehydration to result in ceramic oxide pillars. Pillared
clays with ceramic oxides such as Al2O3, ZrO2, Cr2O3, TiO2, Fe2O3, Bi2O3 and
mixed ceramic oxides such as Al2O3–SiO2, SiO2–TiO2 and SiO2–Fe2O3 have been
reported [31]. Yamanaka fabricated layered matrices, consisting of non-oxide/oxide
particles with silicate interlayers. The hydrated interlayer cations of montmorillonite
were then exchanged with polynuclear metal hydroxy cations and the clay is separated by centrifugation. The interlayered hydroxyl cations were then converted to
their respective oxides by calcination [32]. Montmorillonite for example can be
converted to efﬁcient heterogeneous catalysts by introducing catalytically active
sites or guest species between its layers or on its external surfaces [5, 33].
These materials have high porosity, surface area and thermal stability and thus
can be used as catalysts, catalyst substrates and pollutant adsorbents in environmental remediation.

10.3.1.6

Organometallic Pyrolysis

Pyrolysis involves high temperature treatment of organometallic precursors to
produce ceramic ﬁbres, coatings or reactive amorphous powders. Oxide/non-oxide
(Al2O3–SiC, Si3N4–ZrO2) [34, 35] and non-oxide (TiB2/TiN) [36] ceramic
nanocomposites have been reportedly synthesised using this method. Titanium
isopropoxide/butoxide and aluminium butoxide are common reagents for pyrolytic
synthesis of TiO2- and Al2O3-based ceramic oxides [5, 9].

10.3.1.7

Combustion Synthesis

Auto-ignition or combustion synthesis can be used to synthesise nanocrystalline
ceramics by igniting precursor solutions. In this technique an intermediate amorphous solid forms from the liquid precursor from which the desired crystalline
phase is formed by local rearrangement of the ions. High temperatures are generated from the exothermic redox reaction of the decomposition of the oxidizer and

282

A.T. Kuvarega et al.

the fuel. This is a versatile process in synthesising any kind of mono-phase,
multi-phase or composite in the nano scale. High-purity oxide/oxide or metal/oxide
composites, free of agglomeration can be obtained [5]. Nanocrystalline
CaO-stabilised tetragonal ZrO2 powders were synthesised through an auto-ignition
process using metal nitrates as oxidizers and as fuel. Small grains of 5–20 nm in
size were formed and maintained after densiﬁcation [37]. Other ceramics such as
Al2O3/ZrO2 and Fe2O3/SiO2 have also been successfully synthesised through
auto-ignition and flame combustion techniques [9].

10.3.1.8

Solid-State Processing

Mechanical alloying or mechanochemical synthesis technique involving repeated
welding, fracture and re-welding of elemental or pre-alloyed powders in a
high-energy ball mill. Unlike the chemistry-based preparation routes that require
precursors to be calcined at high temperatures (700–1200 °C) in order to develop
desired phase, use of high-energy mechanochemical mills can result in nanocrystalline powders of very small particle sizes. Low cost and readily available oxides
can be used as starting materials and bypassing the need for the calcination step
[38]. The technique is, however, susceptible to high levels of contamination from
the vials, the milling balls or the atmosphere which often compromise the
mechanical properties of the ﬁnal product [5]. Mixtures of iron and alumina
powders have been milled to result in Fe/a-Al2O3 ceramic composites. The composites were also formed through displacement reactions to form particles with an
average size of about 10 nm [9, 39].

10.4

Ceramic Processing and Properties

Ceramic processing techniques are used to control the size, shape, detail, complexity, material composition and structure of ceramic materials. A wide range of
processing routes have been tried for the production of tailored ceramics [40].
Processing results in usable materials with desirable shapes, conﬁgurations and
sizes. This is accomplished through additives such as binders followed by shape
forming processes. Some common forming methods for ceramic processing include
extrusion, slip-casting, pressing, tape casting, sintering and injection moulding and
are summarised in Table 10.1.
The properties of ceramics and ceramic nanocomposites are deﬁned basically by
the chemical composition, nature or type of atoms and their packing in
three-dimensional spaces. Atoms are bonded covalently or through ionic bonding,
dictating ceramic material to be hard, brittle, oxidation resistant, thermal insulators
and chemically stable but remain prone to thermal shocks. These materials are
mostly nonmagnetic, have electrical and thermal insulation properties and can be
crystalline or amorphous. Given below are some highlights of various properties of
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Table 10.1 Powder processing techniques [41]
Compaction

Phase separation

Polymer processing

Free-forming

Die
pressing
Isostatic
pressing
Roll
pressing

Slip-casting
Pressure casting
Filter pressing
Electrophoresis

Injection moulding
Extrusion
Tape casting
Blow moulding
Film blowing
Vacuum forming
Melt spinning
Foaming

Screen printing
Paint spraying plasma
Spraying
Ink-jet printing
Selective laser sintering
Stereo lithography
Extrusion free-forming
Bio-mimetics

ceramic materials. Table 10.2 summarises some of the common ceramic materials
and their properties.

10.4.1 Mechanical Properties
The mechanical properties of ceramic material primarily depend on type of bonding.
However, irrespective of the type of bonding and due to porosity, ceramic materials
fracture easily, indicating poor mechanical strength and toughness. It has been
reported [42] that ceramics are ductile only when there is very high stress at the root
of the crack. It is recommended that the strength of ceramics can only be raised by
preventing the initiation of fracture. Hardness is affected by porosity of the surface,
the grain size of the microstructure and the effect of grain boundary phases [43].

10.4.2 Electrical Properties
Most of the ceramic materials are transition metal oxides and therefore are classiﬁed
as semiconductors. It has been observed that under suitable conditions these materials can also behave as superconductors, ferroelectric and supersets. The low
electrical conductivity is due to ionic-covalent bonding that resists the availability of
free electrons and hence ceramics are rendered as dielectric material. Many ceramic
materials have also shown isotropic and anisotropic magnetic properties [44].

10.4.3 Optical Properties
The ceramic materials are found to be optically active and thus have been used for
developing optical ﬁbres for commercial and strategical applications. Most of the
dielectric ceramics and glasses are colourless but adding transition element gives rise
to coloured ceramic material [44].
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Table 10.2 Properties of some ceramic nanocomposites [9]
Ceramic composite

Properties

SiN/SiC
Al2O3/SiC

Improved strength and toughness
Enhanced fracture strength and toughness, high temperature
strength and creep resistance
Improved electrical, thermal conductivity, magnetic,
electronic and optical properties
Improved electrical, thermal conductivity, magnetic,
electronic and optical properties
Improved electrical, thermal conductivity, magnetic,
electronic and optical properties
Improved fracture toughness, friction/wear coefﬁcients,
microhardness and electrical conductivity
Enhanced strength and fracture toughness, compared to
monolithic SiO2
Enhanced strength and fracture toughness
Improved tensile strength, optical properties and fracture
toughness
Improved storage modulus, tensile modulus, tensile stress
and reduced flammability
Improved Young’s modulus, strong interaction between
matrix and silicate layers
Improved tensile strength, strain at break, stiffness, Young’s
modulus and tensile stress
Increased glass transition and thermal stability
Improved ionic conductivity
Enhanced thermal stability
Improved bending modulus, bending strength, distortion at
break, storage modulus, gas barrier properties and
biodegradability
Boost in tensile strength and modulus
Better electrical conductivity
Enhancement in Young’s modulus and strength
Increased strength, Young’s modulus, fracture toughness and
strain to failure
Increased Young’s modulus and reduced tensile strength and
ultimate strain
Improved strain energy density and ductility
Increased energy to yield and energy to break
Increases in both stiffness and strength
Increase in Young’s modulus, tensile strength, electrical
conductivity
Drastic improvement in hardness
Higher Young’s modulus and hardness
Improved microhardness
(continued)

Al2O3/Co
Al2O3/Ni
Fe2O3/CNT
Al2O3/CNT
SiO2/CNT
SiC/CNT
PE/TiO2
Nylon-6/layered-silicates
Nylon-6/montmorillonite
PP/montmorillonite
PVA/Ag
PPX/Pd or Sn NPs
PMMA/montmorillonite
Polylactide/layered-silicates

Epoxy/layered-silicates
Epoxy/CNTs
Epoxy/CNTs
Epoxy/DWCNT
Polyimide/MWCNT
PE/PAN/MWCNT
Silicone/elastomer SWCNT
PVC/MWCNT
a-Fe/Fe23C6/Fe3B
Al/SiC
Cu/Nb
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Table 10.2 (continued)
Ceramic composite

Properties

Al/AlN
Higher compression resistance and low strain rate
Improved microhardness
Cu/Al2O3
Ni/PSZ, YSZ
Improved hardness and strength
Al/Pb
Nano-sized dispersants lowered the coefﬁcient of friction
Al/CNT
Improved electrical properties and tensile strength
Cu/CNT
Improvement in the hardness, friction and wear properties
Ti/CNT
Enhancement in modulus and hardness
Stainless
Lower friction coefﬁcients and higher wear resistance of
steel/CNT/graphite/SiC/
CNT than graphite/SiC based coatings
(Ni/P) coating
Al/Cu-coated CNTs
Improved microhardness
PP Polypropylene, PVA Polyvinylalcohol, PMMA Polymethylmethyl-acrylate, PPX
Polypara-xylene, PE Polyester, PAN Polyacrylonitrile, PVC Polyvinyl chloride, CNT Carbon
nanotube, MWCNT Multi-walled carbon nanotube, DWCNT Double-walled carbon nanotube

10.5

Environmental Applications of Ceramics
and Ceramic Nanocomposites

Environmental pollution is currently one of the major global challenges and the
magnitude is increasing day by day due to urbanisation, heavy industrialisation,
climate change, emergence of new pollutants and humanity’s changing lifestyles.
Ceramic materials offer a wide range of possibilities for environmental remediation
applications. Most of these materials have enhanced adsorption capacity, excellent
catalytic performance, antimicrobial properties and are readily available, making
them suitable alternatives for sustainable environmental pollutant control including
removal of pollutants in water, sensors, desalination, gas clean-up and puriﬁcation
and hydrogen generation and storage.

10.5.1 Water Treatment and Remediation
The high chemical and thermal stability and robustness of ceramics have triggered
their applications in pollutant removal, sensing and mineralisation. Ceramics can be
used in harsh and aggressive chemical environments (solvents, acidic or caustic
solutions, oily water) and high temperatures. Recently, ceramic membranes have
gained increasing attention for applications in mild operating conditions (water and
wastewater treatment) where polymeric membranes have previously dominated
because of the possibility of densely packaging the ceramics into highly efﬁcient
membrane modules and reductions in capital costs. Unlike the polymeric counterparts, ceramic membranes do not swell in solvents, can be treated with strong
cleaning agents, can be sterilised at high temperatures and can withstand high
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pressures for backwashing. This ensures long-term flux stability and possibility for
commercial scaling up [4]. The small pore sizes of ceramic membranes are attractive
for their applications in water treatment. Ceramic membrane ﬁltration is an inexpensive and effective method of removing biological, organic and inorganic pollutants from water. Metal oxide ceramic surfaces can be used to degrade organic
pollutants, absorb pollutants as well as capture and inactivate microbial and viral
indicators in a wide range of contaminated water when combined with speciﬁc
pollutant targeting moieties. The only disadvantage of ceramic materials is their
susceptibility to cracking during handling or operation due to their brittle nature [45].
Higher flux, higher porosity and larger hydrophilic surface are some of the
desirable properties that have seen ceramic membranes gaining interest in
industrial-scale water puriﬁcation applications. Yang et al. coated zirconia on
alumina ceramic membranes by slip-casting and modiﬁed dip-coating for application in separation of oily water consisting of vegetable/mineral oil, emulsiﬁer and
water, with an oil concentration of about 5 g/L. The water permeability of the ZrO2/
a-Al2O3 membrane approached or exceeded that of commercial ZrO2 membranes
[46]. In other similar studies higher fluxes, enhanced rejection efﬁciency [47, 48]
and high oil removal efﬁciencies (98–99%) [49, 50] were reported. Du et al. fabricated Al2O3 honeycomb ceramic supports from a self-organisation process by
varying the Al2O3 slurry loading. TiO2 thin ﬁlms were then deposited on the high
surface area and highly porous Al2O3 by sol–gel process. The ceramic composite
exhibited high efﬁciency in the degradation of methylene blue (MB) under UV light
irradiation. A photocatalytic activity of 79.52% was reported, similar to that of TiO2
powder. The porous Al2O3 can thus be regarded as promising supports for water
puriﬁcation without the necessity of cumbersome recycling of the powdered TiO2
catalysts from water [51]. In another study, ZnO ceramics with an open 3D network
structure were fabricated by the polymer sponge replication method. The ceramics
were found to be highly porous and used in the degradation of Reactive Red 180
(RR180) an azo dye under UV irradiation. Up to 82.6% colour removal and 18.3%
TOC removal were reported for the 3D ceramic ZnO catalysts [52].
Athanasekou et al. prepared a hybrid photocatalysis/ultraﬁltration ceramic
membrane for water ﬁltration under UV and visible light by dip-coating a layer of
reduced graphene oxide-TiO2 composites on TiO2 ceramic monoliths. Methylene
blue (MB) and methyl orange (MO) were used as model pollutants and the
membranes showed improved performance in terms of antifouling tendency, energy
consumption and formation of hard-to-dispose toxic concentrate retentate effluents
of the pollutant under near-UV/Vis and visible light treatment. The combined
photocatalysis/ultra-ﬁltration process is a promising innovation for organic pollutant removal from water using the abundantly available solar light as the alternative
energy source in a typical ﬁltration process [53]. Low-cost monolithic and
heterojunction ceramic wafers were prepared by pressing TiO2 and WO3 powders
into two layers into a single self-supported monolith in a circular 25 mm diameter
stainless steel die. The ceramic was used for bacterial (Escherichia coli) disinfection under UV irradiation from a 75 W Xe arc lamp. The TiO2–WO3 heterojunction
wafers showed enhanced antibacterial activity attributed to the longer electron–hole
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transfer lifetimes. The oxide heterojunction facilitates efﬁcient vectorial charge
separation which allows build-up of the charges, facilitating the production of
reactive oxygen species (ROS) for bacterial inactivation. Immobilisation of the
photocatalysts in solar water disinfection is desirable as it eliminates the need for a
post-ﬁltration step in the water treatment train [54].
In another recent study, ceramic TiO2 nanocomposites were obtained by
mechanical milling of waste glass powder, fly ash and commercial TiO2. The
powder was pressed into cylindrical die having a diameter of 10 mm and length of
30–50 mm without a binder. The formed disks were calcined up to 800 °C at a
heating rate of 5 °C/min for 1 h. Besides improvements in the physical properties,
the nanocomposite also showed fascinating photocatalytic activity for the degradation of methyl orange, acetaldehyde, 2,4-dichlorophenoxy acetic acid and
methylene blue under UV irradiation [55]. Recently, ceramic TiO2 ultraﬁltration
membranes were evaluated for the removal of humic acids (HA) in a photocatalytic
membrane reactor (PMR). The presence of TiO2 was reported to enhance the
antifouling properties of the membrane and HA removal was more efﬁcient under
acidic conditions [56]. Kujawa et al. prepared hydrophobic Al2O3 and TiO2 tubular
micro and mesoporous ceramic membranes for application in a pervaporation
(PV) process for the removal of hazardous organic solvents (methyl tert-butyl ether,
ethyl acetate and butanol) from binary aqueous solutions. The membranes were
found to be highly selective towards the organics with TiO2 membrane showing
better performance than the Al2O3 membrane [57].

10.5.2 Desalination
Reverse osmosis (RO) is an efﬁcient and reliable technology for seawater desalination. The technology is, however, limited due to high energy demand and
membranes that are prone to fouling and degradation. Recently, ceramic membranes have emerged as preferable alternatives for desalination of seawater. In a
study in China, ceramic membranes were successfully used in seawater reverse
osmosis process and were found to work adequately in the long run [58]. In another
study, a ZrO2 ceramic membrane with pore diameter of 0.05 µm was fabricated and
used to clarify raw seawater under different operating conditions. The membrane
showed superior durability and chemical resistance in the ﬁltration of seawater. The
results of this study concluded that ZrO2 ultraﬁltration pre-treatment before RO
desalination can achieve consistent permeate quality and low fouling propensity at
high permeate fluxes [59].
Cerneaux et al. fabricated chemically modiﬁed hydrophobic ZrO2 and TiO2
ceramic membranes with pore diameters of 50 and 5 nm, respectively, by grafting
C8F17(CH2)2Si(OC2H5)3 perfluoroalkylsilane molecule for membrane distillation
applications. Salt rejection (NaCl) rates higher than 99% were observed. Ceramic
membranes are thus suitable for desalination of brackish or seawater [60]. Similar
studies were also performed on ZrO2, Al2O3 and alumino-silicate with pore
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diameters of 50, 200, 400 and 800 nm, respectively. Highest rejection rate (95–
100%) was reported for desalination of seawater and NaCl solutions for
hydrophobic zirconia membrane (50 nm). The hydrophobic ceramic membranes
can also be used in the removal of heavy metal ions from polluted water [61].
In recent studies new techniques such as capacitive deionization (CDI), a second
generation electrosorption technique showed promising results for removing salt
ions from the brackish water. Graphene-based ceramic composites such as
graphene/tin oxide (Gr/SnO2) were successfully synthesised through microwave
irradiation and their electrosorption performances in CDI unit investigated. The
electrode showed distinguished electrochemical performances in the form of high
speciﬁc capacitance, excellent cycling stability, very good salt removal efﬁciency
(83%) and distinct electrosorptive capacity. The study demonstrated an effective
and facile way to enhance the desalination performance of graphene based electrodes for CDI technology [62].

10.5.3 Adsorbents
Adsorption has emerged as one of the most promising pollutant removal technique
in wastewater treatment. Efﬁcient adsorbents based on ceramics and ceramic
nanocomposites have found applications in areas where traditional adsorbents such
as activated carbon had previously been the sole options. Pollutant adsorption is
influenced by many factors such as pollutant concentration, pollutant/adsorbent
interaction, adsorbent surface area, particle size, temperature, pH and contact time.
Major advantages of ceramic adsorbents are their low cost, enhanced activity and
longer life span, which reduces the overall operational cost [63].
Various phases of aluminium oxides, hydroxides and oxyhydroxides were
successfully employed as adsorbents for the detoxiﬁcation of water and wastewater
contaminated with various anionic pollutants. Gibbsite, (c-Al(OH)3), has been used
for the removal of asenate [64] while activated alumina was found to be effective in
removing sulphates and selenates [65]. The high adsorption capacities, attributed to
the textural properties such as surface area, pore volume and pore size of the
aluminium oxides make them important materials for catalytic and anion adsorption
processes [66].
In many parts of the world, the concentration of fluoride ions in groundwater
exceeds the WHO permissible values. Amorphous Al2O3 supported on carbon
nanotubes (Al2O3/CNTs) were recently used as high capacity fluoride adsorbents.
The adsorption capacity of the ceramic composite was reported to be 13.5 times
higher than that of activated carbon and 4 times higher than that of c-Al2O3 at an
equilibrium fluoride concentration of 12 mg/L in the pH range of 5–9 [67].
Low-cost adsorbents for arsenic removal from drinking water were fabricated from
Fe(OH)3 through in situ precipitation on thermally activated Al2O3 powder. This
resulting ceramic material showed a pH-dependent binding capacity, an enhanced
removal capacity and good selectivity for arsenate and arsenite ion removal [68].
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10.5.4 Sensing Devices
As the demand for novel physical, chemical and biological recognition systems
continue to grow; ceramic sensor technology is gaining popularity as an alternative to
the traditional sensor options. Gas sensors can detect gases and discriminate odour and
can thus be used to monitor changes in the ambient gas concentrations. Ceramic or
ceramic nanocomposites with desirable parameters including the correlation between
electro-physical (band gap, electro-conductivity, type of conductivity, oxygen diffusion), thermodynamic surface, electronic, structural properties and catalytic activity
are important for the selection of effective solid-state sensors. Semiconductors (TiO2,
SnO2, ZnO, etc.) with strong oxidising power, good chemical inertness, low cost,
nontoxicity, large surface area and unique optical properties have shown great
potential for environmental applications including gas sensing [69].
Feng et al. recently reported on a reduced graphene oxide (rGO)-encapsulated
Co3O4 composite nanoﬁbers that showed an excellent sensitivity with a fast
response and recovery to different concentrations of ammonia from 5 to 100 ppm at
room temperature [70]. In another study, reduced graphene oxide (rGO) was decorated with TiO2 microspheres for selective room-temperature sensing of different
concentrations of ammonia from 5 ppm to 50 ppm at room temperature [71].
Galstyan et al. studied the gas sensing capability of nanostructured ZnO towards
NO2, H2 and CH4 and observed a high and reversible response to the gases and thus
showing that the obtained nanostructured ZnO is a promising chemical sensor for
gases [72]. In a related study, the electrical parameters of nanoceramic ZnO–Ag
were reported to be sensitive to the concentration of ethanol in air due to a decrease
in the barrier height at the grain boundaries. The material was thus reported as a
potential sensor for this group of gases [73].
Besides oxide ceramics, carbon-based materials such as graphene and CNTs
have also been successfully fabricated into electrodes for the detection of a wide
range of organic pollutants. Graphene or CNTs are suitable for immobilisation
metal oxide catalysts such as ZrO2, TiO2, Ni2O3, NiO and CoFe2O4 to result in
synergistic effect and thus enhancing the electrocatalytic activity of these
nanocomposites [74]. Arvand et al. devised a novel, simple and selective electrochemical method for single or simultaneous determination of tyrosine and paracetamol in aqueous media on MWCNTs-graphene nanocomposite modiﬁed glassy
carbon electrode (MWCNTs-GNS/GCE) by differential pulse voltammetry (DPV).
The material exhibited excellent electrochemical catalytic activity and the peak
current increased linearly with concentration in the ranges of 0.90–95.4 lM tyrosine and 0.80–110.0 lM paracetamol [75].

10.5.5 Photo-Induced Self-cleaning
Self-cleaning hydrophilic and hydrophobic materials have gained considerable
attention in environmental clean-up because of their unique properties and potential
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practical applications. The materials have found applications ranging from fabrics,
furnishing materials, window glasses, flat panel displays to construction materials,
roof tiles, car mirrors and solar panels. Some common application areas include
microfluidics, printing, photovoltaic, biomedical devices, antibacterial surfaces and
water puriﬁcation. On a hydrophilic surface, water droplets spread over the surface
and form a ﬁlm of water, washing away the contaminants on the surface during the
process of spreading. On hydrophobic surfaces, water droplets roll off the surface
quickly removing the contaminants on the surface. This is due to the water repellent
and low adhesive properties of hydrophobic surfaces. Accumulation of dust and
other organic pollutants on solar cells for example, can typically reduce their
conversion efﬁciency by up to 30% and therefore self-cleaning coatings can signiﬁcantly improve the efﬁciency of solar cells [76].
The synergistic effect of photocatalysis and hydrophilicity has seen photocatalysts such as TiO2, ZnO and SnO2 being used for long-term self-cleaning activity.
UV sensitive superhydrophobic–superhydrophilic micro-patterned ﬁlms consisting
of a flowerlike Al2O3 gel ﬁlm, a very thin TiO2 gel layer and a fluoro-alkylsilane
layer have been fabricated into a three-layered structure. The hydrophobic and
hydrophilic properties were reportedly enhanced by the ﬁne roughness of the
structure [77]. Self-cleaning TiO2/SiO2 composite ﬁlms with enhanced superhydrophilicity and improved maintenance of hydrophilicity in dark were synthesised
by the sol–gel method. The material showed naturally persistent superhydrophilicity which could easily be photo-regenerated on long period of exposure to
atmospheric conditions [78].
In another study, antireflective, self-cleaning glass coatings were fabricated by a
double layer-by-layer assembly of SiO2 and TiO2 nanoparticles and contact angle
measurements were used to assess the self-cleaning properties of the coated glass
under UV irradiation. UV switchable wettability transparent and conductive SnO2
nanorods were fabricated by Zhu et al. Alternate UV irradiation and dark storage of
the thin ﬁlms resulted in superhydrophobicity (154.1°) and superhydrophilicity (0°)
respectively. The hydrophilicity phenomenon was attributed to surface roughness,
formation of oxygen vacancies and surface hydroxyl groups upon UV illumination
of the thin ﬁlm [79]. Bio-inspired SnO2 ﬁlms coated on glass surface was observed
to generate highly reactive superoxide radicals (•O2−) upon exposure to sunlight.
The radicals were responsible for the degradation of organic dyes and pathogens.
The authors concluded that the intrinsic self-cleaning properties of the ceramic
material could be important in the development of new protective, antifouling
coatings on various substrates [80]. Similar studies on hydrophobic thin ﬁlms of
ZnO and TiO2 also showed switchable wettability upon UV exposure. The photoinduced hydrophilic conversion was attributed to the formation of surface defects
upon UV exposure and subsequent adsorption of water molecules on the defect
sites [81].
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10.5.6 Dye-Sensitized Solar Cells (DSSC)
The current rising demand and escalating prices of fossil fuels coupled with environmental pollution resulting from thermal power generation are some of the
planetary challenges pushing the researchers to look for an alternative low cost,
clean and sustainable energy sources. DSSC technology is one of the promising
sustainable energy sources for cleaner power generation for a cleaner environment.
DSSCs are an alternative form of renewable energy due to their ease of fabrication
and low cost [82]. Ceramic DSSC are devices based on the sensitisation of photocatalysts by a visible light absorbing dye to result in efﬁcient solar cells.
Photocatalyst sensitisation involves photoexcitation of transition metal complex or
an organic dye (sensitiser) to the appropriate singlet or triplet electronic excited state,
followed by electron injection from the excited sensitiser into the conduction band of
the photocatalyst. The generated electron–hole pair results in generation of reactive
oxygen species that lead to degradation of organic pollutants. Metalloporphyrins and
ruthenium complexes are common sensitisers for visible light activation of the
photocatalyst [76].
In a study on solid-state dye-sensitized solar cells, Zn-doped CuCrO2
nanoparticles were used as solid electrolytes and vertically aligned TiO2 nanorod
arrays grown on FTO glass as the photoanode layer. Use of Zn-doped CuCrO2
nanoparticles resulted in a DSSC with enhanced photovoltaic properties attributed
to the lowered electrical resistivity and enlarged work function of Zn-doped
CuCrO2 nanoparticles [83]. DSSCs with different TiO2 layers were fabricated to
study the factors affecting the solar conversion efﬁciency. TiO2 ﬁlm thickness
correlated with dye adsorption capability though the thicker ﬁlms tended to crack. It
was also observed that smaller TiO2 particles could easily adsorb the dye molecules
leading to efﬁcient light absorption for the solar cell [84].
In a study by Zhi et al. [85] highly flexible DSSCs assembled from
graphene/TiO2 thin ﬁlm composite was observed to deliver a power conversion
efﬁciency of up to 6.41% which is more than 50% higher than that of pristine TiO2based anode. Sujinnapram and Moungsrijun reported on the improvement of power
conversion efﬁciency of DSSC through the use of SnO2 supported on ZnO as the
photoanode. Improved conversion efﬁciency was achieved by reduction in the
electron transfer resistance of the composite material [86]. In spite of all these
achievements, there is still need for high conversion rate devices that can surpass
the current technologies in terms of efﬁciency, cost and robustness.

10.5.7 Water Splitting
Efforts to addressing the depletion of fossil fuels and the serious environmental
problems associated with their combustion has seen a fluffy of activity in search of
new forms of energy that are clean, renewable, cheap, safe and viable. Recently,
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hydrogen has received considerable attention as the next-generation energy carrier
due to its lightness, cleanliness and efﬁciency as an energy source. Over the past
three decades, photocatalytic water splitting using inexhaustible and abundantly
available sunlight has been studied as a potential method for hydrogen production
from renewable resources [87]. The solar photocatalytic splitting of water using
semiconductors results in zero waste generation. Semiconductors such as TiO2,
ZnO, Fe2O3 and SrTiO3 have been used in their native forms or as modiﬁed
composites [88]. Recently, nickel ferrite (NiFe2O4) and pure cerium oxide (CeO2)
supported on monoclinic zirconia (NiFe2O4/ZrO2 and CeO2/ZrO2) were proposed
as promising redox materials for the production of hydrogen from water via a
thermochemical two-step water splitting cycle under simulated solar radiation. The
oxygen and hydrogen production for the CeO2/ZrO2 foam device was sustained for
up to seven cycles at thermal reduction temperatures of 1450 and 1550 °C [89].

10.5.8 Air Puriﬁcation and Remediation
Removal of unpleasant odours from volatile organic compounds (VOC) insures a
safe and comfortable environment in domestic and industrial environments. Current
air puriﬁcation technologies consume huge amounts of energy for air circulation,
cooling or heating and require periodic replacement of the adsorber units once their
capacity is exhausted. A number of ceramic oxide nanoparticles, such as TiO2,
MgO, CaO or Al2O3, have been investigated as alternative adsorbers for air
puriﬁcation. Raso et al. recently fabricated a regenerable cerium oxide based
volatile organic compounds odour adsorber for indoor air puriﬁcation. The study
showed that CeO2 has desirable properties for application as a re-usable air cleaner
because of its ability to adsorb unpleasant organics even at very low concentration
levels [90]. The adsorption of gaseous contaminants on photocatalyst surfaces has
been investigated as an important factor in achieving high gas degradation rates.
The adsorption can be increased by fabricating composite structures composed of
inert, adsorptive domains, co-existing with photocatalytic domains. Composite
photocatalyst comprising of carbon nanotubes (CNTs) and TiO2, supported on
ceramic material such as ZrO2 and Al2O3 where the effect of the CNTs is both
electronic and adsorptive have been reported [91].
Functional photocatalysts have also been deposited as thin ﬁlms on ceramic
supports for application in indoor and outdoor air cleaning, self-disinfection and
self-cleaning devices (Fig. 10.3). Second generation ceramic/TiO2-based photocatalysts such as Bi2WO6/TiO2, ZnO/TiO2, Al2O3/TiO2, Ca2SiO4/TiO2, SiMgOx/
TiO2, BaO/TiO2 have been reported to exhibit enhanced photocatalytic activity for
indoor and outdoor air puriﬁcation under visible light illumination. Other oxide
ceramics such as BiOBr, Zn2SnO4, a-Bi2O3, (BiO)2CO3 and ZnAl2O4 are also
suitable candidates for non-illuminated air puriﬁcation [92].
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Fig. 10.3 Schematic of the multi-functional photocatalytic materials. Reproduced form reference
[92] with permission from Elsevier—Copyright © 2015 Elsevier Ltd.

10.5.9 Antibacterial Materials
Biological contaminants are due to microorganisms (human pathogens and free
living microbes that thrive in water, natural organic matter (NOM) and biological
toxins). Currently, the removal of cyanobacterial toxins is attracting a lot of
attention in conventional water treatment systems due to their potential carcinogenic threats. Ceramic and ceramic nanocomposite adsorbents have shown reasonably good biological contaminants removal efﬁciencies and are suitable for
large-scale adoption. Nanomaterials such as Ag, TiO2 and ZnO are capable of
disinfecting waterborne disease-causing microbes due to their charge capacity [93].
In a study by Lv et al., silver nanoparticles were anchored on porous diatomite
and clay ceramics through impregnation followed by reduction of the Ag+ to Ag0.
On-line tests at a flow rate of 0.01 L/min showed a reduction in E. coli count from
*105 colony-forming units (CFU) per millilitre to zero. It was concluded that such
low cost and effective antimicrobial materials could have wide application to
drinking water treatment [94]. Ohira et al. investigated the influence of crystallite
sizes of MgO and ZnO ceramic powder samples on antibacterial activity. Powders
with a small crystallite sizes exhibited the greatest antibacterial activity towards
E. coli and Staphylococcus aureus [95]. Nanocrystalline ZnTiO3 ceramic was
prepared through solution combustion using urea as fuel. The ceramic was evaluated for its antibacterial activity towards gram negative Klebsiella aerogenes,
Pseudomonas desmolyticum, E. coli and gram positive S. aureus and signiﬁcant
effect was observed on all strains [96]. Sabbani et al. fabricated biocidal surfaces by
depositing silver nanoparticles on zeolite ﬁlms grown on high surface area
micro-patterned a-Al2O3 and complete eradication of E. coli was achieved within
2 h [97]. Table 10.3 summarises some common applications and properties of
exemplary ceramic nanocomposites.
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Table 10.3 Examples of applications of ceramic nanocomposites in water/wastewater treatment
[93]
Applications

Examples of
materials

Some novel properties

Adsorption

CNTs/metal oxide
and nanoﬁbers

Disinfection

Ag/TiO2, ZnO and
CNTs
TiO2/CNTs or
Fullerenes

High speciﬁc surface area and accessible adsorption
sites, selective and more adsorption sites, short
intra-particle diffusion distance, tunable surface
chemistry, easy reuse
Strong antimicrobial activity, low toxicity and cost,
high chemical stability, ease of use
Photocatalytic activity under solar irradiation, low
human toxicity, high stability and selectivity, low
cost
Strong antimicrobial activity, hydrophilicity, low
toxicity to humans, high mechanical and chemical
stability, high permeability and selectivity,
photocatalytic activity

Photocatalysis

Membranes

10.6

Ag/TiO2/
Zeolites/Magnetite
and CNTs

Conclusion and Future Perspectives

Ceramics fundamentally are the chemical compounds formed by the combination of
a metal and a non-metal to form mostly oxides, carbides, nitrides or silicates. They
offer a wide variety of functionalities that are exploited for various applications. As
a matrix it allows to reinforce nanomaterials of different types to give rise to tailor
made hybrid materials, composites and nanocomposite that can be developed by
any of the fabrication techniques such as sol–gel method, intercalation, spark
plasma sputtering, magnetron sputtering, chemical vapour deposition, etc. Different
techniques give different types of ceramic materials, composites and nanocomposites with respect to morphology, internal structure, thermal, mechanical and
electrical properties that may be investigated for applications such as waste water
treatment, dye-sensitized solar cells, adsorbents, desalination and antimicrobial
materials. Looking at the criterial of combination of elements to be categorised as
ceramics, the periodic table has provided the researchers with a wide selection of
combinations for novel ceramic materials. Despite the progress made so far in this
area, a number of fundamental key issues and questions still need to be resolved; in
particular the need to improve efﬁciency, cost effectiveness, selectivity and
reusability of the materials. There is a need to fully understand the
structure-property relationship in such systems. The use of ceramic materials in
composites and nanocomposites has, however, provided countless opportunities to
imagine and develop commercial and strategic materials. With new developments
in the ﬁeld of nanomaterial fabrication, researchers can explore many other possibilities for targeted applications.
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